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EXTRACTS FROM THE PREFACE TO 
' THE FIRST EDITION 


The present text-book is primarily intended for students who have 
completed an introductory course of Matriculation standard, although 
the more elementary parts of the subject are included so as to make the 
book complete in itself. It is not written for any particular examination, 
but should meet the requirements in Inorganic Chemistry of students 
preparing for the examinations of the Intermediate and Pass B.Sc. of 
British universities. Brief accounts of technical processes and the 
elements of Physical Chemistry are included, with worked examples on 
the latter. 

The Atomic Theory and the Periodic Law have been given promin- 
ence, since their neglect unfailingly leads to obscurity and triviality. 

Limitations of space prevented more than a bare mention of most of 
the so-called “ Rare Elements ”, many of which are now of great 
importance in chemical industry and form part of articles familiar in 
everyday life. Their chemical properties are also in many cases of 
unusual interest. 

A short account of Werner’s theory is given, since the classical theory 
of Valency, which is of fundamental importance in the somewhat 
monotonous uniformity of the chemistry of carbon, proves inadequate 
when any but the very simplest compounds of the remaining elements 
are under consideration. 

• The physical properties of substances (densities, boiling points, etc.) 
have been compiled from the most recent sources, in the hope that the 
book may also prove useful for reference purposes. 

July , 1920. 
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CHAPTER I 


PURE SUBSTANCES AND MIXTURES 


Different kinds of bodies. — Different materials may be distinguished 
from one another by their properties, the most obvious being the 
physical slate : solid, liquid or gaseous. Many bodies having the same 
physical state may be distinguished. These differences we express by 
saying that the bodies differ in composition. In beginning the study of 
Chemistry we meet with a large number of new substances. Solids may 
differ in colour , e.g. blue copper sulphate, green ferrous sulphate, red 
potassium dichromate, dark purple chrome alum. Differences in density 
are shown, e.g. by lead nitrate and alum, the first being much heavier 
for an equal volume than the second. Solids may differ in crystalline 
form ; alum crystallises in octahedra, rock salt in cubes. 



Solids in which the crystalline form is absent are said to be amorphous. 
Fragments obtained on breaking crystals have sharp edges and plane 
faces, or show a crystalline fracture, whereas the fractured pieces of an 
amorphous solid such as glass or 
pitch show curved faces like the 
inside of a shell, and hence are 
said to show a conchoidal fracture 
(Fig. 1). 

A further method of distinguish- 
ing solids is by their solubility in 
liquids. When finely-powdered 
lead nitrate and barium sulphate, 
both heavy white powders, are 
separately stirred with hot water, 
the first dissolves, whilst the 
second remains undissolved. 

Solids when heated usually melt 
at characteristic temperatures called their melting points. Nitre melts 
at 336°,* potassium chlorate at 357°, “ hypo ” at 48°, rock salt at 801°, 
barium sulphate at 1580°. 

Liquids may differ in colour, density, and boiling point . Some have 
characteristic odours. The freezing point of a pure liquid is usually the 
same as the melting point of the solid obtained from it by cooling. Some 
* Temperatures throughout are in degrees Centigrade. 


Fig. 1. — Calcite. 

Showing conchoidal and crystalline 
fracture in the same material. (After 
Miens). 
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liquids flow less readily than others (e.g. treacle and water), or have 
greater viscosity. 

The existence of different kinds of gases was not clearly recognised 
until about 1765-75, when Cavendish and Priestley distinguished 
several gases differing from atmospheric air. The differences become 
clear on comparing jars containing the following gases : oxygen, hydro- 
gen, carbon dioxide, nitric oxide, and chlorine. 

By simple observation chlorine is seen to have a greenish-yellow colour, 
whilst the other gases are colourless. These colourless gases may be 
distinguished by appropriate experiments. 


Remove the glass plates from the jars so as to bring the gases in contact 
with the air. Nothing occurs except with the nitric oxide, which produces 
deep red fumes. 

Pour a little lime water into the other jars and shake. The lime water is 
unchanged in appearance in all the jars except that containing carbon 
dioxide, in which it becomes turbid and white. 

Insert a lighted taper into each of a now set of jars of the gases. In 
oxygon it burns with a brilliant flame, in chlorine with a smoky red flame, 
but in the other jars it is extinguished. The hydrogen itself, however, takes 
lire and burns with a palo flame. 

A jar of carbon dioxide is hold over a large beaker counterpoised on a 
balance, and slowly inverted so as to pour the gas into the beaker : tho 
latter sinks, showing that carbon dioxide is heavier than air, and has passed 
into the beaker. A taper inserted into the beaker is extinguished. 

A jar of hydrogen is opened, mouth downwards, and slowly inclined so 
as to pour the gas upwards into an inverted counterpoised beaker. The 
beaker rises, showing that hydrogen is lighter than air. 


Gases, therefore, differ in density, colour, combustibility, capacity for 
supporting combustion, and action on lime water. 1 y 

sub stances.— Crystals of copper sulphate differ in size, often in 
shape, yet all arc composed of the same pure substance ; in so far as 
composition is concerned no account is taken of accidental drown. 

red differt,tLT' C ° r PU ' Th ° t 'T° kinds of phosphorus, white and 
red, differ entirely in appearance and properties. Although they con- 

p !?. OR I , I horus ’ the y two different substances, 
each having specific properties by means of which it may be recognised! 

d,^r SibUi : y ° f ar T ging materials in groups of substances re- 
duces the complexity and scope of their study, because a large number 

sameTJ / bod ™ m W belong to one group, i.e. be composed of the 
same substance. The fact that bodies may be arranged in such groups 
is the fundamental law of chemistry. Descriptive CheLtry may beTtaed 

« the -nee with the preparation and properties TlZL Ttt 

relations which exist between them. 


with the Vfew of Pacing £1“ defmmg ^Properties of bodies, 

granite has differed e?in \i&° f ^‘T 68 ’ A P™e of 

definition on identity of properties* £ Sf >Wrte ; “ d if we base our 
y p perties, we shall apparently require an in- 



HOMOGENEOUS AND HETEROGENEOUS BODIES 


finite number of groups to accommodate all the possible liquids pro- 
duced by adding salt to water in varying proportions. These difficulties 
are removed by closer study. 

Homogeneous and heterogeneous bodies. — Bodies differ according to 
the properties of their component parts. A body such that all the parts 
into which it can be divided by mechanical means have identical 
properties is called a homogeneous (or uniform) body. Glass, water, and 
air are homogeneous bodies. All pure substances, in the strict sense, 
are homogeneous bodies, but the converse, as we shall see, is not true. 

A body having different properties in different parts is called a hetero- 
geneous (or non-uniform) body. A piece of granite is an aggregate of 
three different minerals. One is pink or grey, opaque, and capable 
(though with difficulty) of being scratched with a knife ; it is felspar. A 
second is colourless, transparent, and too hard to scratch with a knife ; 
this is quartz. The third forms thin grey, or black, plates, which can be 
split by a knife into very thin leaves ; it is mica. 

Since the parts of aggregates such as granite are separable by 
mechanical means, heterogeneous bodies are often called mechanical 
mixtures. The separate parts of a heterogeneous body are called phases. 
Quartz, felspar, and mica are three phases in granite. A mixture of ice 
and water consists of two phases, whilst a homogeneous body, even if 
divided into several parts in space, is only a single phase. 

The parts of a heterogeneous body are not always so sharply separated 
as those in granite. Quartz crystals often show brown colouring in different 
parts (“smoky quartz”); the depth of the colour, due to impurities, 
may shade off from one part of the crystal to another and it is difficult to 
fix any place where definite colour change occurs. 

The ultramicroscope. — The definitions of homogeneous and hetero- 
geneous bodies are only relative. Milk may seem homogeneous to the 
eye but is seen under the microscope to contain globules of butter-fat 
floating in a liquid. In some cases heterogeneity, not shown even by the 
microscope, may be revealed by the scattering of light. 

Although the atmosphere may appear quite clear in ordinary daylight, 
yet if a beam of strong sunlight passes through it the path of the beam 
can be seen if there is dust or smoke in the air, because of the light 
scattered by the dust particles (see p. 8). Very fine particles suspended 
in a liquid may be detected in a similar way. This is shown by the 
following experiment. 

A few drops of a solution of gum mastic in alcohol are added to water in a 
glass trough and stirred : the liquid appears clear, but when a beam of 
light from a lantern is passed through the water, before and after adding 
the mastic, it will be found that little light can be seen passing through the 
clear water, but that water to which mastic has been added shows the path 
of the light as a bright, cloudy beam, called a Tyndall cone. The same effect 
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U |>]«uh in a ray of sunlight passing through dusty air ; particles of dust 
may be seen floating about in the beam. 




An instrument making use of this principle, the ultramicroscope, con- 
sists (Fig 3) of a microscope with the object-glass dipping mto the 

liquid to be examined, con- 
tained in a small glass cell. 
' 1 A powerful beam of light is 
brought to a focus in the 
liquid by a lens. The sus- 
pended particles are revealed 
by the light scattered from 
them, and they appear as 
bright specks. 

Microscopic visibility ceases 
with particles of diameter 
about 1 *5 x 10 5 cm., or 0- 1 f>p 


f 




V. 


.Fio. 3.— Diagram of ultramicronropo. 


( I micron - l/x -0*001 mm.); tin* ultramicroscopc reveals particles down 
to fix 10 7 cm., or 5m/x (1 millimicron = lm/x = 10 6 mm.), or about 
one-lniiidr(‘dth the wavelength of visible light. With the electron micro- 
scope, resolution below f>0A. is possible (A. = Angstrom unit— 3 0 -8 cm.). 

By the* action of phosphorus on gold chloride solution, ruby-red clear 
solutions are obtained, which, as the ultramicroscope shows, contain 
particles about 5m /t in diameter. Suspensions containing ultramicro- 
scopic particles which do not settle out on standing and pass through 
filler paper, are called colloidal solutions. Still smaller particles of gold, 
not- visible' with the ultramieroseope, can act as nuclei or centres of 
condensation for the production of ultramicroseopic particles ; the 
diameter of these nuclei has been estimated at 10 7 cm. Zsigmondy, 
the inventor of the ultramieroseope, distinguished three kinds of small 
particles : microns, microscopically visible, diameter 1()” 3 to 10 5 cm. 
(in ordinary suspensions) ; suhmicrons , ultramicroscopically visible, 
diameter 10~ i> to 5x 10 7 cm. (in colloidal solutions); (inucrons , in- 
visible, but act as nuclei, diameter 10 7 cm. (in colloidal solutions). 

II a few drops ol cosin solution (red ink) are added to a trough of 
vater, the path of a beam of light is made visible by a beautiful green 
light, not unlike the haze obtained with mastic, but coloured. With the 
ultramieroseope, however, no particles can be detected, and the effect 
is quite different from that shown by turbid liquids ; it is known as 
fluorescence. 1 he two effects an* distinguished by the fact that light 
scattered from turbid media is polarised, whilst fluorescent light is not, 
or only slightly. 

Solids may be produced in very thin films. Gold-leaf is only 10~ 5 cm. 
thick, and if a piece of burning magnesium ribbon is held behind a piece 
of gold-leaf pressed between two sheets of glass, the metal is seen to be 
translucent, and lets through a green light. 

Smaller still than the colloidal particles are the atoms and molecules, 
which have diameters of the order of 1()~ 8 cm. These are revealed when 
X-rays are used instead of ordinary light. X-rays differ from light only 
m having a much smaller wave-length, of the order of 10~ 8 cm., and if 
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tlu»v are allowed to fall on a crystal, the effect produced, although 
invisible, is similar to the colours seen with visible light falling on 
thin soap-films. The effect indicates that crystals are composed of 
layers of atoms, separated by distances of the order of 10 8 cm. (see 
Uhapter XXIII). 

The separation of mixtures of solids. — The phases of a mixture of 
solids may be separated in different ways. 

(1) Mechanically, by picking out the different bodies, if the system is 
sufficiently coarse-grained. 

(2) By differences of density. The powder is stirred with a liquid, the 
density of which lies between that of one of the solids and those of the 
others, and in which the solids do not dissolve. If powdered granite is 
shaken with *a mixture of density 2*0, composed of benzene (density 
0*879) and methylene iodide (density 3*33), the felspar (density 2*57) 
will lloat, whilst the mica (density 2*85) and quartz (density 2*65) will 
sink. The two heavier minerals rnav be separated by another mixture 
of the liquids of density 2*7. 

(3) By magnetism ; iron filings are separated froqi flowers of sulphur 
by their attraction to a magnet, leaving the sulphur behind. 

(4) By electrification ; a mixture of red lead and washed and dried 
flowers of sulphur is dusted through muslin on to an ebonite plate 
rubbed with flannel : the positively charged red lead adheres to the 
negatively charged plate, whilst the sulphur, with the same charge as 
the plate, does not adhere. The plate is now tapped gently on a sheet 
of paper ; the sulphur with a little red lead falls off, leaving the red lead 
on the plate ; this may be brushed off on to the paper, and the colours 
of the two powders compared. 

(5) By the different attractions of the solids for a liquid (surface 
tension) ; a mixture of powdered zinc blende (native zinc sulphide) and 
sand is sprinkled on the surface of water ; the sand is wetted and sinks, 
hut the blende is not wetted and floats, although it is heavier than 
water. 

(fi) By the different solubilities in a liquid ; a mixture of iron filings 
and sulphur is shaken with carbon disulphide ; the sulphur dissolves. 
The solution may be decanted from the iron, wliich is insoluble, poured 
into a dish, and the solvent allowed to evaporate, when crystals of 
sulphur are left. 

(7) By fusibility ; a mixture of lead shot and sand is heated in a 
crucible ; the lead fuses and the sand floats to the top. 

(8) By volatility ; a mixture of sand and iodine is heated in a test- 
tube ; the iodine forms a violet vapour, which condenses on the cool 
tube as a black crystalline sublimate, whilst the sand is left in the bottom 
of the tube. 

The magnetic method separates the minerals tinstone (density 6*4-7* 1) 
and wolfram (density 7* 1-7*9), wliich occur together, and are so nearly 
alike in density that they cannot be separated by washing with a stream 
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of water. Tinstone is non-inngncliV, whilst wolfram (an ore of tungsten, a 
metal used in making the filaments of electric lamps) is fairly magnetic. 
The crushed ore is dropped on a travelling belt passing over a magnetic 

roller (Fig. 4), and falls off. The tin- 
stone falls undoflected, but tho wolfram 
is pulled towards the magnet, and forms 
a separate heap. The process is called 
electromagnetic separation. 

Separation by surface tension is used 
in the flotation process for separating 
minerals such as zinc blende, not easily 
wetted by water, from galona (an ore 
of load) which is. The crushed ore is 
agitated by a blast of air with water 
to which a little oil, e.g. of eucalyptus, 



Km. 4. — Electromagnetic separa- 
tion (diagrammatic). 


has been added 
galena sinks. 


The blende forms a scum on the surface whilst the 


The separation of solids from liquids.— Sol ids mixed with liquids may 

he separated in various ways. 

( I ) Rv set! ling out under the influence of gravity, i.e., by sedimentation. 
Tho coarser the particles, the more rapidly they settle. 

1 he velocity of sottling of spherical solid or liquid particles, in a liquid 
or gas, is given by Stokes’s equation : 


e- 


2r*g 

lb? 


(d-d f ) 


cm. per sec. 


where r- radius of the particles in cm.; (/-acceleration of gravity, 981 
cm. per sec. per see. ; r; viscosity of the liquid in c.g.s. units ; d and d' are 
the densities of the suspended particles and of the liquid, respectively. 
( (/ < fI ’ tJl © particles me ; e.g. air bubbles in water.) 

The rates of sett ling of part, ides of sulphur (rf=r 206) in water (d= 1.00 ; 
V , , at 15 h tho diameters of the sulphur particles being 0-1 cm., 

8 < ' aUu,lldp ‘ 1 U " m Pokes’* formula, are 50 cm. per sec. and 
•> cm. pu see., respectively. Tlie tine particles remain almost per- 
manently in suspension, forming a colloidal solution. 

UhIMcb trf different sizes mixed together may be separated by 

t m Tf lttT ntati r : i *, ,,OW<kT is HtilTwl water and the 

tmu ot settling divided into a number of intervals A series of 

repeated. mC1Casmg in fincncss » obtained, and the process may be 

aiJf placed bfonen/th*’' f* ass with a fine suspension 

ast!il ,T t,,he?if m ° taI eo «taming-tubes of a centrifuge (Fig. 5), 

the powder is seTiarate ft*’ IT* T ** 16 °PP os i te s i^ e 35 a counterpoise ; 
machine. ' ° ll ’ P°ttom of the tube on working the 


(3) The suspended particles 
an electric field ; this motion 


may be electrically charged and move in 
is called electrophoresis or cataphoresis . 
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A colloidal solution of arsenic* sulphide is made by pouring a solution of 
arsenic trioxide in water into hydrogen sulphide solution, and driving out 
Hie excess of hydrogen sulphido by a stream of 
unshed hydrogen. About f»0 ml. of the yellow 
solution, with 5 gin. of uroa dissolved in it to 
make it denser than water, are carefully run by a 
pipette into the lower part of a U-tube half-filled 
with distilled water. Platinum electrodes are 
placed in each arm of the tube and connected 
with the D.O. mains. The level of arsenic sul- 
phide, marked by paper rings, falls on one side 
of the U-tube, and rises on the other (Fig. 6). 

Tho suspended particles in the colloidal solution 
give a Tyndall cone (p. 3). 

(4) If a few drops of sulphuric acid arc added 
to colloidal arsenic sulphide, precipitation in 
yellow flocks occurs. If the mixture is shaken 
with paraffin oil, the oil rises to the surface, 
carrying the arsenic sulphide with it. This is 
an application of flotation : arsenic sulphide ad- 
heres more strongly to oil than to water. 

(5) The commonest method of separating Fig. 5.— -Contnfuge. 
solids from liquids is by filtration, usually through 

filter paper. Hot solutions filter more rapidly than cold ones, since 
the viscosity of the liquid is less at a higher temperature. The rate 
of filtration is also increased by increasing the difference of pressure 
between the two ends of the capillary pores of the filter (filtration under 
reduced pressure). 


Fig. 6. — Electro- Fin. 7. — Separating 

phoresis. funnel. 

The separation of liquids from liquids. — Chloroform and water shaken 
together in a separating funnel (Fig. 7), and allowed to stand, separate 
into two layers with the heavy chloroform below. This can be run off 
through the tap, leaving the water in the funnel. 

A suspension of fine droplets of one liquid in another (such as milk) is 
called an emulsion. Each liquid alone may be transparent, but the 
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emulsion is turbid, owing to the scattering of light from the small drops, 
>\ hi eh have a different refractive index from that, of the other liquid. 

Emulsions can be separated in the centrifuge, or if one liquid 1 
soluble m a third whilst the second is not, by shaking with the third 
liquid. If ether is shaken with an emulsion of paraffin oil and water 
the et her dissolves the paraffin and the solution floats to the surface. 

The separation of gases from liquids and solids. — Gases mix in all pro- 
port ions, so that heterogeneous systems can be obtained only when a 
light gas is stratified on a heavier one. The gases soon mix by diffusion. 

Pass carbon dioxide into a largo jar, so that the latter is partly tilled with 
the gas (Fig. 8). 1 How a soap bubble * and allow it to fall into the jar. It i,s 
arrested on reaching the carbon dioxide, and re- 
mains suspended. A lighted taper lowered into 
\ the jar is extinguished at the level of the bubble. 

i A suspension of minute bubbles of gas in a 

J liquid is a froth or foam, and is usually produced 

by shaking the gas with a liquid of low surface- 

tension, such as soap solution. Froths may be 

^ — - — i--'' separated by centrifugal force, or by adding 

\ other liquids, such as alcohol to aqueous foams. 

( % ' A suspension of minute droplets of liquid in 

a . & a ; s > as l ,r °du(‘cd by rapid cooling of moist 
n air, is called a mist or fog. In fogs the particles 

XJ are smaller, and a mist may pass over into rain 

when the particles coalesce into larger drops. 

H Ait.ken showed that mists are produced by 
* condensation on minute solid particles (motes) 

Km. 8. — Experiment °* <lust ?’ (,m ’ re P ro bal>ly) salt, in air ; if these 
illustrating stratification are f >ar . v removed by filtering through cotton- 
ol * ases - wool condensation on cooling occurs on the re- 

, maining nuclei, producing rain-like drops. If all 

i f ,r 7 V allovv,n " t,w air to Kta ” d in a vessel with wetted 
ti e ) l , r \ doeS r 0t ° mir until tho ilir cooled much below 
eleetriealfl «' f /*'*st-torm ;l tion. C. T. It. Wilson found that 

hv elect ri/smrk ’. 1 ' n ” c lu (f? aseo “» tons), produced even in dust-free air 

anti mo v qiln 1 h ^ )I ex l )08urc to X-rays, can act as condensation centres, 
ana may also be filtered out by cotton- wool 

smoke3ns2 )U '’^r 7^ a « as ix » «-<*. or fume. Coal 

form soot Smol/i. f ^ °[, hnla , u-!(>s of carbon, which aggregate to 
•small naltieles^t T C gI ° Wm S ,,f il «g^etto, also consisting of 

fine with diameter^ TtV a ^ K ‘* rtl ’ because the particles are very 
’ ' ,tlA,m ters of th ” (| rder of a wave-length of light. Smoke 

400 ml. of din tiO wfwu terVre alWorU as foll< j ,WB - 10 S m - of sodium olente and 
stoppered bottle until solution occurs Non nd “V* 6 orti j nar y temperature in a 
and the liquid, after shaking is nii.mm i * °f t mre glycerin arc then added. 

Hear liquid derantd^iohmldoff 0 “ h'® ^ * f<,W <,& ' VN in tho dark - The 
ammonia, is preserved in a stoppered aft0 j the addition of 1 drop of 

varnish. ottle covei*ed outside with opaque black 
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rising vertically from a chimney in clear dry air also appears blue, but 
smoke some distance from the end of a cigarette, or blown from the 
mouth, and smoke from a chimney on a damp day, appear greyish- 
white and opaque, because the particles are larger, probably as a result 
of the condensation of moisture upon them. 

The particles in fogs and smokes may be electrically charged, or 
become so on exposure to a high-tension discharge from a point or wire 
attached to a pole of an electrical machine or in- 
duction coil. During such discharges the fume 
may precipitate, as was shown by Sir Oliver 
Lodge in LS83. This method of fume dissipa- 
tion is applied to the precipitation of fumes from 
smelting furnaces, blast-furnaces, cement fur- 
naces, etc. 

Electrostatic precipitation is illustrated by the 
apparatus shown in Fig. 9. The boll-jar rests on a 
glass plate and the electrodes aro copper plates 
soldered to copper wires fixed in the corks amt con- 
nected with an induction coil. A small crucible 
contains cotton-wool moistened with concentrated 
ammonia solution and hydrogen chloride gas is 
passed in through the upper tube. A dense fog of 
ammonium chloride particles forms, but this rapidly 
settles upon the inside of the boll-jar when the in- 
duction coil is operated. 

The Lodge-Cottrell apparatus consists of tubes or * 1 ° 
chambers containing electrodes, between which a 
high tension of 75,000 volts is maintained. The solid deposited from 
the fume passing through is shaken off the sides of the tube or cham- 
ber from time to time by tapping with an automatic hammer ; liquids 
flow away without such treatment. 




CHAPTER II 

ELEMENTS, COMPOUNDS AND SOLUTIONS 


Chemical changes. —Bodies often undergo very marked and per- 
manent changes under certain conditions. Milk may become sour; 
bright copper becomes dull and ultimately covered with a green film 
when exposed to moist air, and under the same conditions iron rusts 
away completely to a brown powder. A candle burns away and ap- 
parently disappears. A piece of copper wire becomes covered with 
black wales when heated, and a piece of magnesium ribbon on heating 
in a bunsen flame takes fire and burns brilliantly, leaving a white ash. 

In other cases the* changes an* less marked, and the properties of the 
materials an* only slightly and tern porarily modified. Water on cooling 
freezes to ice, but the ice melts and is reconverted into water on warm- 
ing. A bar of iron which has been heated to redness is only slightly 
altered and, apart from a little scale on the surface, is recovered without 
change 1 on cooling. A piece of platinum wire heated in a bunsen flame 
becomes red hot, but is unchanged on cooling. 

Material changes either (i) alter only a few properties of the material 
and arc* temporary, when they are called phyiscal changes ; or (ii) they 
lead to a complete alteration of properties and the formation of a 
different material, when they are called chemical changes or ch emi cal 
reactions. 


The following experiments illustrate some striking chemical changes. 

(1) A small piece of white phosphorus on a sand-tray is sprinkled with a 
few crystals of iodine. The phosphorus takes fire. 

(2) Dilute solutions of potassium ferrocyanide, tannin, and potassium 
thiocyanate (all practically colourless) are poured into three glasses and a 
very dilute solution of ferric chloride acidified with a little hydrochloric 

mud (also practically colourless) is added. Blue, black, and red solutions 
are formed. 

(3) A small pill of mercuric thiocyanate heated by the flame of a taper 
swells up into a worm-like mass of a friable yellow substance (“ Pharaoh’s 
Sorpont ). 

( 4 ) A mixture of 5 gm. of clean fine iron filings and 3 gm. of flowers of 

whSrr r ‘7 l T U ' be - T1 ' e ,nixturo K 1 ”™ continues to do bo 

ta 7\ r0m i ' 6 f r n0 ’ The plmn «e evolves a good deal of heat. 

wl * isi ’i V 1° " , t" in ,l A Kroyish mass is obtained, 

su i r h ' , ,,U T ° P ° U lU ' r is ,llapk - “«» under a lens no iron or 

r -rrr; t x m ^ uitt,,,,, « h «•« ^ se 0n . n mix. 

■. ,on disulphide does not dissolve any sulphur from it (p. 5). If a 

10 
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magnet is brought over it iron is not attracted, as it is from the mixture.* 
The iron and sulphur have disappeared as such and have formed a new sub- 
stance, a chemical compound, iron sulphide. 

From these experiments it is seen that chemical changes are often 
accompanied by an evolution of heat, when they are called exothermic 
reactions. This is not always the case, since in some chemical changes, 
called endothermic reactions, heat is absorbed. 

(5) Concentrated hydrochloric acid is poured over crystals of Glauber's 
salt in a beaker ; the crystals fall to a granular white powder of common 
salt and a considerable absorption of heat occurs, so that water in a small 
test-tube placed in the honker is frozen. 

Characteristics of physical and chemical changes. — Some of the main 
characteristics of physical and chemical changes may be summarised ; 
the difference is sometimes not very marked. 

I. Physical changes : no new substance is produced ; if anything more 
than mere heating or cooling is involved, it is usually merely a change 
of state (melting, evaporation) : apart from latent heat absorbed or 
evolved in changes of state, and beat supplied to or removed from a 
body, there is no marked evolution or absorption of beat ; tlie change 
is easily reversed by appropriate alteration in the external conditions ; 
the weight of the material remains unchanged. 

II. Chemical changes : new substances with different properties are 
produced ; there is usually evolution of heat (sometimes absorption of 
heat), and sometimes (as in combustion) of light ; the change is not 
easily reversed by mere change of external conditions unless the system 
is in a state of equilibrium (see p. 162) ; the weight of a given material 
usually changes when it is converted into the new substance. 

The law of conservation of mass. — The mass of a body, as determined 
by comparing its weight with that of standards by means of the ordinary 
balance, is generally regarded as a fixed property of the body. 

Empedokles (490-430 b.c.) as quoted by Aristotle, says : “ Nothing 
can be made out of nothing, and it is impossible to annihilate anything. 
All that happens in the world depends on a change of form and on 
the mixture or separation of bodies. ” This is similar to the statement of 
Lavoisier (1743-1 794 a.d.), made over 2000 years later : “ Nothing can 
be created, and in every process there is just as much substance (quan- 
tity of matter) present before and after the process has taken place. There 
is only a change or modification of the matter.” Lavoisier’s statement 
was founded upon experiment, and is called the law of conservation of mass. 

* The powdor is usually feebly magnetic as a wholo. It may he noted as a 
curiosity that the composition of ferrous sulphide (nearly always given as the 
example of a chemical compound) is never exactly that given by the chemical 
formula FeS and is slightly variable ; it always contains a little less iron than this 
formula indicates. 



12 INORGANIC CHEMISTRY [chap 

The earlv cherriints ignored changes of weight in chemical processes, 
as removed from purely chemical studies and beneath notice. Jean 
Rey (1030) said : “ The examination of weights by the balance differs 
from that made by the reason. The latter is only employed by the 
Judicious, whilst the former can be practised by the Veriest Clown. 
The latter is always exact, whilst the former is seldom without de- 
ceptioN.” 

.Joseph Black (1755) in a research on magnesia paid careful attention 
to the weights of the materials. “ Throe ounces of magnesia were dis- 
tilled in a glass retort and receiver. When all was cool, 1 found only 
five drachms of whitish water in the receiver . . . the magnesia when 
taken out of the retort . . . had lost half its weight ... It is evident that 
of the volatile parts contained in the powder, a small portion only is 
water ; the rest cannot, it seems, be retained in vessels under a visible 
form . . . and is mostly air [carbon dioxidej.” T31ack put down loss of 
weight in a chemical change 1 to the escape of invisible material, thus 
recognising the principle stated later by Lavoisier. Black’s experiment 
is an example of a chemical change in which an apparent destruction of 
matter is due to the escape of a gas. The fact that air, the only gas then 
known, has weight was proved by the following experiment of Otto von 
Guericke, the inventor of the air-pump (11)54). 


Exhaust by an air-pump, and counterpoise on the balance a 2-litre globe 
lilted with a stopcock (Fig. 10). Open the stopcock, 
notice the hissing noise of the air rushing into the 
globe 1 , replace the globe on the balance, and notico that 
it. has increased in weight. 

In older to test the truth of Lavoisier’s principle 
the chemical change must, be carried out in a closed 
vessel, so that no material used can escape. 

Place a small piece of phosphorus, dried by pressing 
between filter paper, in a dry strong 250 ml. round- 
bottom flask fitted with a rubber stopper, Weigh the 
flask. Warm over a flame the spot where the phos- 
phorus lies until the latter ignites. When combustion 
is tinished, allow the flask to cool, and reweigli. The 
weight is unchanged. 

Pour a little mercuric chloride solution into a conical 
flask, and place inside a small tubo containing a 
solution of potassium iodide. Cork the flask and 
counterpoise on the balance. Now tilt the flask so 
that the solutions mix. A red precipitate of mercuric iodide is formod, but 
the weight will be found to be unchanged. 



Fia. 10. — Flask for 
weighing air. 


Tn 1900 Ilcyd wcillcr slated that small losses of weight occurred when 
some chemical reactions were carried out in sealed vessels : 80 gm. of 
(‘upper sulphate ilissolved in 130 ml. of water were decomposed with 
lo gm. of metallic iron, w ith a loss of weight of 0*217 mgm. H. Landolt 
in 1893-1908 carried out a series of experiments with the object of 
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determining whether the losses noticed were real, or due to some error 
of experiment. 

In tho separate legs of a Jena glass U-tube (Fig. 11) he sealed solutions of 
substances capable of reacting without the production of much heat, so that 
the disturbances arising from this cause could bo 
eliminated. He used : 

1. Silver sulphate and ferrous sulphate, giving a 
precipitate of metallic silver. 

2. llydriodic acid and iodic acid, giving a precipi- 
tate of iodine. 

3. Iodine and sodium sulphite, giving sodium 
iodide and sulpha, to. 

4. Chloral hydrate and potassium hydroxide, 
giving an emulsion of chloroform. 

The tube was counterpoised against an exactly 
similar tube on a balance capable (in the final experi- 
ments) of detecting a change of weight of 0-000 1 gm. 
with a load of 1 kgm, in each pan, t.c. a change of 1 experiment 

part in 10,000,000. One reaction tube was inverted, 

after removing from tho balance, and t he chomieal change allowod to tako 
place. After cooling, the tube was replaced on the balance and the change 
in weight, usually a diminution, noted. The other tube was then taken off 
the balance and inverted, and the process refloated. 

At first, slight losses in weight, ()■ 107 mgm, in the maximum, were always 
found, but after a long series of experiments these were traced to two causes: 

(a) as a result of tho slight evolution of heat, the film of moisture con- 
densed on the outer surface of tho glass was partly driven off, and did not 
return until after long standing ; 

( b ) the vessel expanded slightly as a result of the slight increase of 
temperature, and did not return to its original volume until some time had 
elapsod. 

Iri consequence of tho first error tho weight of the vessel was reduced, anti 
tho second error, which led to an increase in volume of air displaced by the 
vossel, also reduced the apparent weight. By allowing tho vessel to stand 
for a long time before reweighing, Landolt found that it recovered its 
original woight to within l part in 10,000,000 — i.c. within the limits of 
experimental error. By using silica tubes (which do not expand) covered 
with wax (to prevent the formation of a film of moisture), no change in 
weight was observed within tho same limits of error. 

Experiments by Manley (1912) with tho reaction between barium 
chloride and sodium sulphate solutions, giving a precipitate of barium sul- 
phate, showed that the weight remained constant to 1 part in 100,000,000. 
In all ordinary chemical experiments, the law of conservation of mass is 
oxact. 

According to the Theory of Relativity, the absolute energy E of a mass 
m is E »/r 2 , where r is the velocity of light. A chemical change attended 
by a loss of energy AE will give rise to a loss of mass Am — AE/c 2 . Since c is 
very large this will be quite negligible in ordinary reactions : to produce a 
loss of 1 mgm. would require the combustion of 3| tons of phosphorus. 
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In radioactive changes, which are attended by very large energy changes 
relative i o the masses involved, the changes of mass are appreciable (see 
Chapter XXI II). 


Elements and compounds. — A homogeneous material may undergo 
complete chemical change in one of three ways, according to its com- 
position. The substance may increase in weight in all the changes, 
when it combines with other substances ; or it may give other substances, 
each of smaller weight than the original substance, or decomposes into 
these ; or its weight may remain the same. The third case ( isomeric 
or allolropic change) is considered later. 

Heat 0-5 grn. of magnesium ribbon in a weighed, loosely closed, porcelain 
crucible, with a small flame till combustion ceases (Fig. 12). Then heat 

strongly for a few minutes with the lid off, 
cool and reweigh. Repeat until the weight 
is constant. There is an increase in weight of 
a little over 0*3 grn. 

Heat 2-l() gm. of red oxide of mercury in 
a weighed, hard glass tube, with a glass de- 
livery tube leading to a pneumatic trough 
in which is inverted a measuring cylinder 
full of water (Fig. 13). The red substance 
blackens and bubbles of gas collect in the 
cylinder. At tho same time a sublimate of 
mercury collects on the cool part of the 
tube. When evolution of gas ceases and 
tho oxide has disappeared, remove the de- 
livery tube from the trough and allow the 
apparatus to cool. Reweigh the tube. The 
low in weight of the tube should amount to 0*16 gm. The volume of gas 
collected will be about 118 ml. A glowing chip of wood is rekindled in 
t-ho gas, which is oxygen. 



Fiu. 12.- -Heating magnesium 
in air. 


If a pure substance can be decomposed into two or more substances 
each of smaller weight, as the oxide of mercury into mercury and oxygen, 
it is said to be a compound. If it always yields substances of greater 
weight, indicating that union occurs with other substances, the sub- 
stance is called an element. Magnesium is an element. A substance 
which does not alter in weight after undergoing chemical change may be 
either an element or a compound. 


Pure substances and solutions.— At this point we meet a difficulty, 
m. that m some cases a homogeneous material has a continuous range 
of compositions. Solutions of common salt in water at 0° may vary in 

3 oSt fr T ,? Ur ° '"f er t0 a ?. olntio " containing 26-5 per cent by 

comnositirms i/ ,"- two limits there is an infinite number of 

it haX!'!n !l,w U V f We , d TT P ° ao oxide ^ mercury, no matter how 

containing 8 am % ’ W6 t ^, lt a ^ wa y s has the same composition, 
containing 8 gm. of oxygen to 100 gm. of mercury. 
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We therefore divide all homogeneous materials which are not elements 
into two classes. Those of constant composition are called compounds, 
those of variable composition are called solutions. Oxide of mercury is a 
compound, liquids containing salt and water are solutions. 



Fig. 1 3. — Decomposition of mercuric oxide by heat. 


A solution is always separable by suitable means into two or more 
pure substances, either elements or compounds. Solutions of salt in 
water are separated into salt and water by simple evaporation. The 
solutions of salt and water are not put in separate groups of substances, 
but are regarded as solutions of two pure substances (salt and water) in 
varying proportions. 

We have arrived at the following classification : 

Bodies 

i 

i i 

Heterogeneous Homogeneous 

systems of phases | 

I 

Non -elements 


Solutions Compounds Elements 

(Variable composition) (Fixed composition) 

1 

l 

Pure substances 

Analysis and synthesis. — The process by which a compound is sepa- 
rated into its elements is called analysis (from the Greek analuo , l 
unloose). The formation of a compound from its elements is called 
synthesis (the Greek word synthesis meaning a putting together). The 
process of finding the composition of substances is also called analysis ; 
qualitative analysis leads to a knowledge of the constituents only, whilst 
quantitative analysis determines the proportions in which they are united. 
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Compounds.— It follows from the definition of a compound that its 

composition is independent of the method of preparation, and that the 

same compound gives the same elements in the same proportions in its 
decomposition. 

Metallic tin may bo convert cl into oxide of tin in three different ways : 
(a) One cm. of tin is weighed into a counterpoised Rose s crucible (1 lg. 
14), anil boated in a stream of oxygen passed through the porcelain tube m 
' tho crucible lid. The crucible is cooled and weighed 

from lime to time until its weight becomes constant. 
Tho residue is oxide of tin. 

(b) One gm. of tin foil is weighed into a counter- 
poised porcelain basin, covered with a large watch-glass. 
It is treated carefully with successive small amounts of 
concentrated nitric acid until the violent action ceases, 
the watch-glass being placed over the basin after each 
addition to prevent- loss by spirting. The excess of acid 
is evaporated off on a sand -hath, and tho dry material 
heated for a few minutes over a Bunsen flame. The disli 
is cooled and weighed. The residue is oxide of tin. 

(r) One gm. of tin is weighed into a conical flask and 
dissolved in hydrochloric acid by warming. The solution 
of chloride of tin is diluted with water, and precipitated with a stream 
of hydrogen sulphide. Tho tin sulphide is filtered and "washed, the filter 
paper and precipitate ignited in a weighed porcelain crucible, cooled and 
weighed. Tho residue is oxide of tin. 

Within the limits of experimental error the weight of oxide of tin obtained 
from 1 gm. of tin in the three different methods is the same. Tho composi- 
tion of oxide of tin is constant, and independent of the method of prepara- 
tion. Oxide of t in is a compound, not a mixture or a solution. 



Fin. 14. — Rose’s 
crucible. 


The chemical elements. — About ninety elements occur in nature (see 
the list inside the front cover). Of these about one-half are commonly 
found in chemical laboratories, and of these about twenty occur in 
nature in the uncombined state. About 99 per cent, of terrestrial 
bodies are composed of some twenty elements and their compounds. 

An estimate of the occurrence of the elements in the air, the sea and 
other waters, and the crust of the earth to a depth of twenty-four miles, 
has been made by F. W. Clarke, and in meteorites (318 iron and 125 
stone) by O. C. Farrington. The table on p. 17 (for the symbols see 
inside front cover) gives the average composition by weight of these 
materials in parts per 100. 

A combined table for the terrestrial distribution is the following, 
due to Clarke : 


Oxygen - - 49-85 

Silicon - - 26-03 

Aluminium - 7*28 

Iron - - 4*12 


Calcium - 

3-18 

Sodium - 

2-33 

Potassium 

2-33 

Magnesium 

2-11 


Hydrogen - 0-97 

Titanium - 0-41 

Chlorine- - 0-20 

Carbon - - 0-19 


Oxygen is seen (Fig. 15) to be the most abundant element, accounting 
for one-half the total mass ; silicon, whicli occurs mainly in the form of 
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DISTRIBUTION OF THE ELEMENTS. 


Lithosphere. 

Hydrosphere. 

Atmosphore. 

Meteorites. 

() - 

_ 

47*33 

O - 

- 85-79 

N - 

- 75-53 

Fe - 

- 72-06 

Si - 

. 

27-74 

H - 

- 10-67 

O - 

- 23-02 

O - 

- 10-10 

A1 - 

- 

7-85 

Cl - 

- 2-07 

A - 

- 1-40 

Ni - 

- 6-50 

Fe - 


4-50 

Na - 

- 1*14 

H - 

- 0-02 

Si - 

- 5-20 

Oa - 


3*47 

Mg - 

- 0-14 

C - 

- 0-01 

Mg - 

- 3-80 

Na - 


2-46 

Ca - 

- 0-05 

Remainder 0-02 

s - 

- 0-49 

K - 


2-46 

S - 

- 0-05 




Ca - 

- 0-46 

Mg - 
Ti - 


2*24 

K - 

- 0-04 


— 

Co - 

- 0-44 


0-46 

N - 

- 0-02 


• — 

A1 - 

- 0-39 

H - 


0-22 

Br - 

- 0-01 




Na - 

- 0-17 

C - 


0-19 

C - 

- 0-01 


— 

P - 

- 0-14 

P - 


0-12 

1 - 

- 0-006 


— 

Cr - 

- 0-09 

S - 


0-12 

Fe - 

- 0-002 




C - 

- 0-04 

M n - 

. 

0-08 

Remainder 0-002 


— 

K - 

- 0-04 

Ba - 


0-08 


— 


— 

Mn - 

- 0-03 

F - 


0-07 







Ti - 

- 0-01 

Cl - 


0-06 


— 


— 

Cu - 

- 0-01 

N - 


0-02 


— 


— 

Remainder 0-03 

Sr - 

. 

0-02 










Remainder 

0-51 


— 


— 


— 

10000 

100-00 

100-00 

100-00 


the oxide silica as quartz and sand, and in combination in many rocks, 
is next in abundance. Nitrogen, contained in the atmosphere, and 



other elements, especially carbon, contained in all living matter, to- 
gether equal only about 1 per cent, of the whole. 
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The composition of the centre of the earth is not accessible to experi- 
ment, but since the mean density of the earth is about 5*6, the core must 
consist largely of substances of high density, probably iron with some 
nickel. Tins is surrounded by an intermediate shell of sulphides and 
oxides, or perhaps oxides only, of the heavier metals, and this in turn is 
enclosed by an outer shell of silicates. 

By spectrum analysis (Chapter XXXVI) it is possible to discover the 
elements present in the sun and stars. About one-half the number of 
terrestrial elements have been identified in them, and there is no reason 
to believe that any are absent. 

The four elements. — The conceptions underlying the definitions of 
elements and compounds, although now almost obvious, were reached 
only after centuries of effort. A brief account of the development 
of these fundamental conceptions will now be given* 

The first clear expression of the idea of an element occurs in the 
teachings of Greek philosophers, beginning with Thales (640-540 b.c.) 
who taught that all things arose from water. Anaximenes (560-500 
b.c.) thought air was the primary substance, whilst Herakleitos (536- 
470 b.c.), impressed by the constant change of the material world, re- 
garded the ever- varying fire as the fundamental principle. Empedocles 
(400 -430 B.c.) introduced the ideas of four “ roots ” of things : fire, air, 
water and earth, and two forces, attraction and repulsion, which joined 
and separated them. Aristotle (384-322 B.c.) summarised the earlier 

theories and developed the idea of 
FIRE a primary matter, called hnli, on which 

a specific form (eidos) could be im- 
Hot pressed . The same primary matter 

can receive different forms, just as 
a sculptor can make different stat- 
AIR < > earth ues from the same block of marble, 

although Aristotle preferred to 
Moist" C(0ld think of the form as evolving from 

within, as in organic growth. The 
forms can be removed, and replac- 
WATER ec * b .V JUiW ones, so that the idea of 

Fiu jo — * tran Smu tation of elements arose. 

L Ar,stot,e R four element »- Aristotle’s elements are really fun- 

whioh he chose hot™*,, coldness, rntta? “ b^' 

on W T^the four m t \ and C0ld thin S 8 ’ fire of hot and dry, and so 

Jh /° the tou . r material elements a fifth immaterial one was added 
** .pp™, Aristotle's later writing, „ th,“XZ „ tte 

be^miino* of*HiW^' C o em ® str y- — Chemistry had its origin about the 

• See the author-* Short History of Vhcnistry (Ma^miUan) for further detaiU. 


WATER 


>iu. J (). —Aristotle’s four elements. 
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from two sources : (1 ) the speculative philosophy of Greece, and (2) the 
Egyptian practical arts of working in metals and glass, and dyeing. The 
Egyptian technique, handed down in the workshops, is described in the 
Papyrus of Leyden , written in Greek about 300 a . d ., although probably 
derived from older Egyptian sources. Some materials described are 
given Egyptian names (e.g. asem for an alloy of gold and silver). The 
papyrus seems to have included the working notes of a fraudulent gold- 
smith. Recipes for plating base metals with gold occur in it, but the 
author is aware that transmutation did not occur. Thus, he says : 

“ One powders up gold and lead into a powder as fine as flour, 2 parts of 
lead for 1 of gold, and having mixed them, works them up with gum. One 
covers a copper ring with the mixture ; then heats. One repeats several 
times until the object has taken the colour . It is difficult to detect the 
fraud, since the touchstone gives the mark of true gold. The heat consumes 
the lead but not the gold.” 

The earliest of the true chemical treatises, written in Greek at Alex- 
andria during the first four centuries a . d ., already speak of the artificial 



a n 


Fig. 17. — Illustrations of chemical apparatus copied from Greek MSS. 
of Zosimos and others in the Bibliothoquo Nationalo, Paris. A represents 
apparatus for distillation, later called alembic : in the MSS. the lower 
part is called lopas, the upper phial e C\ is a brazier, or kerotakis ; B an 
apparatus for heating a phial in a sand bath. All this apparatus was 
well known before 300 a.d. 

production of gold and silver and the imitation of valuable dyes. The 
earliest name for chemistry is the Divine Art ; the name chemeia 
appears about 250 a . d . and seems to be derived from the Egyptian word 
chemi y meaning u black,” or “ Egyptian,” or both. One of the earliest 
treatises is attributed to Demokritos, but is not written by Demokritos 
of Abdera (c. 500 B.c.), a famous natural philosopher and one of the 
originators of the atomic theory (p. 92), but during the first century 
a . d . The most considerable treatise is by Zosimos of Panopolis in 
Egypt, who lived about 250-300 a . d ., and used the name chemeia . 
These treatises contain descriptions of chemical apparatus (Fig. 17), 
especially for distillation, of many chemical operations, and of some 
substances not mentioned by earlier authors, such as Pliny, Dioskourides 
and Galen. 


684 
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Alchemy. --In 040 a.d. Egypt was conquered by the Arabs, who 
caused translations of Greek works on medicine and chemistry to be 
made by Ncstorian Christians, these translations often going through 
the stage of Syriac. The Arabic name alchemy is the Greek -Egyptian 
chemeia with the Arabic definite article al prefixed. 

Chemistry among the Arabs was principally cultivated by Jabir ibn 
Hayyan (c. 721-817 a.d.) and al-Razi (‘ k Rhazes ”) (d. 925 a.d.). Jabir 
and Rhazes were skilled practical chemists ; ibn Siria (“ Avicenna ”) 



V i(i. I H ( 1 ) Apparatus for digestion (Syriac MS). (2) Apparatus 
lor digestion m small chamber (Syriac MS.). (2) Retort and receiver 

(Syriac* MS ) a later addition. 


(h. 980 a.d.) probably did not make chemical experiments, but was 
credited with a book on alchemy quoted by Roger Bacon. Jabir taught 
that metals are composed of mercury and sulphur, and are generated in 
the interior of the earth from these materials. 

A knowledge of chemistry came to Europe in translations of Arabic 
works made in Spain, beginning about 1100 a.d., and important early 
students of the subject were Albertus Magnus (1 193-1260) in Germany, 
Roger Bacon (1114-1292) m England, Raymond Lully (1235-1312 ?) 
m ©pain, and Arnold of Villanova in Spain or France (1240-1319) The 
great minds soon lost interest in the subject, since the supposed trans- 
nnitatious of hast' metals into gold were found to be fraudulent. 

ciirv he wIVT* a f C ^ ^Humeal dements (tria prima) : salt, sulphur and mer- 
cury , were introduced by Paracelsus (1493-1541); sulphur was the 

whilst biIi ^ ’ t i' e fixod l ,art hft after calcination, 

hilst mercury was the principle of metallicity, contained in all metals. 

silver'bv altoriS^tho’* Ule 'T” metals <*ould be converted into gold and 
"5£nSL ” the Ltl of mercur -v and sulphur in them and 

opher's stone ilesrnhr. I n "f P roaess was to be brought about by the philos- 
far as thev are intd li iT T pcm ’ der ; Some reoi P<*> for its preparation, in so 
of gold i/morcurv th« 1°\ t * 0t was a com Po«nd of gold, or a solution 
Ex ^ erimonts on ? i dnven off in the having the gold. 
nietallhf™noral«ncnL PrOSed ^“"tation deluded roasting the sub- 
sulphur and thn^nro l' T alr ’ r " n ead was formed, with a strong smell of 
bunltofflbv^beatinff'on'n 1011 ° & an ] a1 ' but ton of silver when the lead was 

yel"ow minemnoZr^/ Upe u ?V! wh made of b °ne-ash. Iron pyrites, a 
g s omewhat like gold, was melted with lead and the 
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load cupelled, when a minute amount of gold was left. Both the silver and 
gold pre-existed in the minerals, and are separated from them at the present 
day. A steel knife-blade dipped into a solution of blue vitriol (copper sul- 
phate) apparently became converted into copper. 

The later history of alchemy contains records of frauds. One method 
was to stir the materials in a crucible with a hollow iron rod filled 
with gold powder, and stopped with wax. Many alchemists, however, 
were honest, and in making experiments they added useful knowledge 
to practical chemistry. 

Iatrochemistry. — About 1500 another school of chemists arose, the 
Iatrochemists, i.e . medical chemists, who attempted to prepare the elixir 
of life which should cure all diseases and confer perpetual youth. 
Paracelsus (1493-1543) was the founder, and he also believed in the 
philosopher’s stone. 

Van Helmont (1579-1644) represents the transition from alchemy to 
modern chemistry. His writings show the beginnings of scientific 
method, although he still believed in transmutation, and sought the 
alkahest or universal solvent. He thought everything was derived from 
water, as taught by Thales, and describes an experiment in which a 
small willow twig was grown in a weighed pot of earth, supplied only 
with water. After five years the tree was weighed, and had gained 
104 lb. in weight, the earth having lost practically nothing. Hence he 
concluded that the tree had been formed solely from water. 

It is an irony of fate that this conclusion, in which the assimilation of 
carbon dioxide from the air by the plant was ignored, was reached by 
the discoverer of that gas. Van Helmont invented the name gas , de- 
rived from chaos , describing the supposed wild motion of its particles, 
and called carbon dioxide gas sylvestre , i.e. the “ gas of the woods ” or 
the “ wild, untamable gas,” because, having corked up limestone and 
acid in a bottle, he found that the latter was burst by the gas sylvestre. 
A gas, according to him, is something which cannot be kept in a vessel.* 
In his treatise “ de Elat i bus ” he mentions another gas, gas pingve, 
which is inflammable and is produced in putrefaction. It was probably 
impure hydrogen. 

Robert Boyle. — Modern chemistry may be said to have begun with 
Robert Boyle (1627-1691 ), and for two reasons. In the first place Boyle 
was the first to study chemistry for its own sake, and not as a means of 
making gold or medicines. In the second place, he introduced a 
rigorous experimental method into chemistry, and in particular over- 
threw the doctrines of the Aristotelian and Alchemical elements, by 
showing that none of them could by any process be extracted from 
metals. In the ease of gold, neither water nor solvents can extract 
sulphur or mercury from it : the metal may be added to, and so 
brought into solution or crystalline compounds, but the gold particles 
are present all the time, and the metal may be reduced to the same 
weight of yellow, malleable, ponderous substance as it was before its 
mixture. 

* “ Hunc spiritum ineogniturn hactenus, novo nomine gas vooo, qui nec vasis 
cogi, nee in corpus visibilo roduci potest nisi prius extincto semine.” 
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Boyle in his Sceptical ChpnisP (JOlil), agreed to use “ elements and 
principles as terms equivalent, and to understand both by the one and 
the other, those primitive and simple bodies of which the mixed ones art 
said to be composed, and into which they are ultimately resolved v 
According to Boyle, the elements are the practical limits of chemical 
analysis. Lavoisier, in his Traite de Chirnie (1789), adoped the same 



Robeiit Boyle. 


.wirr 1 *, 101 }’ at l! 16 i ame l imo em P hasisin g t,mt at some future date, with 
improved methods, substances then regarded as elements mioht he 

shown to be compounds, although “ we^ugS Zev ^t?supposfthem 
compounded until experiment and observation have proved^hem to be 

was first to give a nearly correct, though incomplete 

“ d *”»** »- » 
* Reprinted in the Everyman series. 
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Chemistry had a long road to travel between the times of Boyle and 
Lavoisier, and at times went astray. This was particularly the case in 
(he study of combustion, in which after a good start with Boyle, Hooke, 
aud Mayow, a falso turn was taken with the so-called phlogiston theory. 
It, was the establishment of the true theory of combustion by Lavoisier, 
and the discovery of the composition of water by Cavendish, which laid 
the foundations of modern chemistry. These two aspects of the subject 
will be taken up in the chapters which follow. 



CHAPTER III 


THE COMPOSITION OF THE AIR AND THE THEORY 
OF COMBUSTION 

The discovery of gases. — Reference has been made to the two gases 
described by Van Helmont (c. 1620), gas sylvestre (carbon dioxide) and 
gas pingue (hydrogen). Stephen Hales (1727) collected several gases 
over water, but did not realise their qualitative differences. The two 
gases of Van Helmont were carefully investigated by Henry Cavendish 
(1766) ; gas sylvestre was named fixed air by Joseph Black (1754), and 
gas pingue inflammable air by Cavendish (1766). Inflammable air was 
obtained by the action of sulphuric and hydrochloric acids on zinc, iron, 
and tin. Cavendish observed that the inflammable air was “ the same, 
and of the same amount, whichever acid is used to dissolve the same 
weight of either metal,” iron and zinc, and hence he concluded that it 
came from the metal. Inflammable air was much lighter than common 
air, whilst carbon dioxide was heavier. He collected fixed air over 
mercury and determined its solubility in water. (“ On Factitious Airs,” 
Phil. Traits., 1766.) 

Joseph Priestley (1733-1804),* discovered several new gases. At 
that time gases were called “ airs,” Van Helmont’s name gas having 
dropped out of use. Priestley prepared and examined oxygen, nitrous 
oxide, nitric oxide, nitrogen dioxide, hydrogen chloride, ammonia, 
silicon fluoride, and sulphur dioxide. He improved the pneumatic 
trough, and collected over mercury many gases which are very 
soluble in water (e.g, ammonia, and sulphur dioxide). Priestley's 
work established the existence of different gases each with definite 
properties. 

Combustion and the calcination of metals. — There are two kinds of 
chemical change which, since they were investigated side by side and 
depend on the same cause, may be described together. These are com- 
bustion, and the calcination of metals. 

The alchemists attached importance to the effects of heat on sub- 
stances. Metals, except gold and silver, change when heated in open 
crucibles, and leave a dross, which was called a calx (Latin calx , lime), 
It was noticed in the sixteenth century that this calx is heavier than the 
metal : the explanation usually given was that fire has weight, and was 
absorbed by the metal in forming the calx. Jean Rey (1630) “ devoted 
several hours to the question ”, without making many experiments, and 
concluded that the air becomes thickened or adhesive by the action of 
the fire, and mixes with the calx . 

vols°i790^ Om ° n Diffmni Kind8 Air > 6 vok 1774-86 ; abridged edition, 3 
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Nitre air. — Robert Boyle * (1673) heated tin in a glass retort, and 
when it was melted sealed off the neck and continued the heating for 
l wo hours. The retort was cooled and the sealed tip of the neck broken. 
Air rushed in, “ because when the retort was sealed, the air within it 
was highly rarefied.” Boyle, from his method of experimenting, did 
not notice (as Lavoisier did a century later) that some of the air was 
absorbed, although he found that the tin had increased in weight. 

Boyle showed that sulphur sprinkled on a red-hot plate under an ex- 
hausted air-pump receiver smoked but did not bum. On admitting air, 
" divers little flashes were seen.” But if gunpowder were sprinkled on 
the hot plate under the vacuous receiver he saw “ a pretty broad blue 
flame, like that of brimstone, which lasted so long as we could not but 
wonder at it.” Gunpowder could also burn under water. Boyle, some- 
what reluctantly, concluded that a flame can exist without air, and that 
the increase in weight of metals on calcination is due to their absorption 
of “ igneous corpuscles,” which he considered to be material and capable 
of being weighed in a balance. He observed that if charcoal is strongly 
heated in a closed retort it does not burn, but the capvt mortuum (a 
fanciful name due to the alchemists, who represented a residue by the 
symbol of the skull and crossbones) becomes black again on cooling. 
If air is admitted the charcoal burns and crumbles to white ashes. 

The last experiment was repeated by Robert Hooke (at one time an 
assistant to Boyle), who in his Micrographia (1665) put forward the first 
rational theory of combustion. Hooke found that a bit of charcoal or 
sulphur burns brilliantly when thrown into fused nitre. 

Fuse about 5 gm. of nitre in each of two hard-glass test-tubes, supported 
by clamps over a tray of sand. Throw into one a small piece of charcoal ; 
this swims about and burns brightly. Into the other throw a small piece of 
sulphur ; this burns with a blue flame. 

On the basis of experiments (not published) Hooke founded his theory 
of combustion : 

“ (1 ) Air is the universal dissolvent of all sulphurous (i.e. combustible) 
bodies. (2) This action of dissolution produces a very great heat, and 
that which we calibre. (3) This dissolution is made by a substance in- 
herent and mixed with the air that is like, if not the very same with, 
that which is fixed in saltpetre (nitre).” He called this part of the atmos- 
phere “ nitrous air ” (or nitre air). In this way he was able to ex- 
plain the combustion of gunpovrder, one constituent of which is nitre, 
in the absence of air. 

John Mayowf (1641-1679) elaborated a theory similar to Hooke’s 
but supported by descriptions of experiments. He concluded that air 
consists of two gases ; one is the nitrous air of Hooke, called by Mayow 
the nitro-aerial spirit (spiritus nitro-aereus), which is concerned in com- 
bustion and respiration, and the other is an air incapable of supporting 
either of the latter. 

* Works, edited by Birch, 5 vols. 1744; abridged by Boulton, 4 vols. 1699- 
1700 ; do. by Sliaw', 3 vols. 1725. 

t Tractatus quinque medico -physici, Oxford, 1674. 
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( 1 ) Mayow inverted a glass globe over a lighted candle standing in water, 
equalising the levels of the water by a siphon, which was then quicldy with- 
drawn. The water rose inside the globe, showing that some air had dis- 
appeared. When the candle was extinguished, a large bulk of au 1 was left, 
but this would not support the combustion of sulphur or camphor on a 
small sholf inside the globe when they were heated by a burning glass. 


(2) A mouse introduced into a vessel together with a burning lamp lived 
only half as long as a mouse in the same vessel without the lamp. If a 
mouse was kept in a vessel of air closed by a bladder (Fig. 19), the con- 
traction of the air was perceptible. 




Fia. 19. — Mayow’s experiments (from his Traclatus quinque medico- 
physici , 1074 ). 

The illustrations depict the experiments on combustion and on the 
respiration of a mouso described in the text ; also the contraction of 
air confined over water by the respiration of a mouse, and the collec- 
tion of “ air ” (nitric oxide) from iron balls and dilute nitric acid in an 
inverted flask. 

(3) Gunpowder rammed into a paper tube and ignited continued to bum 
under water. The air fixod in nitre can therefore take the place of ordinary 
air in supporting combustion > and since things bum more brilliantly in fused 
nitre than in common air, the nitre must contain an abundant supply of 
nitre air, which is the part of common air concerned in combustion. 

(4) Mayow refers to an experiment described by Hamerus Poppius ( 1 625) 
and Le Fevre (1660), viz. calcining metallic antimony on a marble slab by 
means of a burning-glass. Although abundant fumes were evolved, the 
calx weighed more than the metal. The calx was identical with that formed 
by the action of nitric acid on the metal. 

Mayow did not succeed in isolating nitrous air, although but a step was 
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needed, viz. strongly heating nitre, and although Hooke in his Larnpas 
( 1H77) says that his theory was generally received (a similar theory was, in 
fact, mentioned by Lemery in his Cours de Ghymie , 1675), these beginnings 
of a true theory of combustion gave place to a theory due to two German 
chemists, which persisted for a century and obscured nearly every branch 
of chemical science. This was the famous phlogiston theory of Becher and 
Stahl. 

The phlogiston theory. — John Joachim Becher in his Physical sub - 
terranm (1669) remarked that the constituents of bodies are air, water, 
and three earths, one of which is inflammable (terra pinguis), the second 
mercurial , the third fusible or vitreous . These correspond with the 
sulphur, mercury, and salt of the alchemists. 

Georg Ernst Stahl, professor at Halle, in his lectures and text-book 
(Fundamenta chymiae , 1723) popularised and improved Becher’s views. 
He used the name phlogiston (from the Greek flame) for the terra 

pinguis. When bodies burn, phlogiston escapes with a rapid whirling 
motion ; when the original bodies are recovered by reduction, phlo- 
giston is replaced. Oil, wax, and charcoal are rich in phlogiston, and 
may restore it to a burnt material. Zinc on heating in air burns with 
a brilliant flame, hence phlogiston (<f>) escapes. When the white calx 
of zinc formed is heated with charcoal (rich in phlogiston), zinc distils : 
calx of zinc + <f> = zinc. Similarly with other metals.. Phosphorus burns to 
produce an acid and much heat and light are evolved : phosphorus = 
acid +</>. If the acid is heated with charcoal, phlogiston is absorbed and 
phosphorus is reproduced. 

Stahl’s theory united many previously isolated facts, and was largely 
accepted during the eighteenth century, although Boerhaave, in his 
important Elementa Chemiae (1732), does not mention it. During this 
period the increase in weight of metals on calcination was usually 
ignored, although the fact was destined later to overturn the phlogiston 
theory. 

This increase of weight is shown by experiment. Finoly divided reduced 
iron is taken up by a horse-shoe magnet counterpoised from a balance 
(Fig. 20), a piece of asbestos paper being placed in the pan underneath. A 
spirit-lamp flame is applied to the tufts of iron ; the powder begins to glow, 
and after calcination falls from the magnet. The pan on the side of the 
magnet sinks, because the iron increases in weight. 

Scheele *s experiments. — Carl Wilhelm Scheele (1742-1786), a poor 
apothecary in Sweden, made a great number of fundamental chemical 
discoveries, those on combustion being published in his treatise On Air 
and Fire. The experiments were nearly all made before 1773 but owing 
to delay the book did not appear until 1777, when many of Scheele’s 
discoveries had been made independently, and published, by Priestley 
in England. Schcele’s priority was established in 1892 from his original 
laboratory notes. 

In his first set of experiments Scheele measured the contraction of air 
standing in contact with a solution of liver of sulphur (hepar sulphur is), 
a solution of sulphur in lime-water, linseed oil, and iron filings moistened 
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( 1 ) Mayow inverted a glass globe over a lighted candle standing in water, 
equalising the levels of the water by a siphon, which was then quickly with- 
drawn. The water rose inside the globe, showing that some air had dis- 
appeared. When the candle was extinguished, a large bulk of air was left, 
but this would not support the combustion of sulphur or camphor on a 
small shelf inside the globe when they were heated by a burning glass. 
(Fig. 19). 

(2) A mouse introduced into a vessel together with a burning lamp lived 
only half as long as a mouse in the same vessel without the lamp. If a 
mouse was kept in a vessel of air closed by a bladder (Fig. 19), the con- 
traction of the air was porceptible. 



Fig. 19. — Mayow’s experiments (from his Tractatue qainque medico- 
physici , 1674). 

The illustrations depict the experiments on combustion and on the 
respiration of a mouse described in the text ; also the contraction of 
air confined over water by the respiration of a mouse, and the collec- 
tion of “ air ” (nitric oxido) from iron balls and dilute nitric acid in an 
inverted flask. 

(3) Gunpowder rammed into a paper tube and ignited continued to bum 
under water. The air fixed in nitre can therefore take the place of ordinary 
air in supporting combustion, and since things bum more brilliantly in fused 
nitre than in common air, the nitre must contain an abimdant supply of 
nitre air, which is the part of common air concerned in combustion. 

(4) Mayow refers to an experiment described by Hamerus Poppius ( 1 625) 
and Le Fevre (1660), viz. calcining metallic antimony on a marble slab by 
means of a burning-glass. Although abimdant fumes were evolved, the 
calx weighed more than the metal. The calx was identical with that formed 
by the action of nitric acid on the metal. 

Mayow did not succeed in isolating nitrous air, although but a step was 
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needed, viz. strongly heating nitre, and although Hooke in his Lmnpas 
(1677) says that his theory was generally received (a similar theory was, in 
fact, mentioned by Lemery in his Cours de Chymie, 1675), these beginnings 
of a true theory of combustion gave place to a theory due to two German 
chemists, which persisted for a century and obscured nearly every branch 
of chemical science. This was the famous phlogiston theory of Becher and 
Stahl. 

The phlogiston theory. — John Joachim Becher in his Physicce sub- 
terraneoe (1669) remarked that the constituents of bodies are air, water, 
and three earths, one of which is inflammable (terra pinguis), the second 
mercurial , the third fusible or vitreous. These correspond with the 
sulphur, mercury, and salt of the alchemists. 

Georg Ernst Stahl, professor at Halle, in his lectures and text-book 
(Fundamenta chymiae, 1723) popularised and improved Becher’s views. 
He used the name phlogiston (from the Greek pMox = flame) for the terra 
pinguis . When bodies burn, phlogiston escaped with a rapid whirling 
motion ; when the original bodies are recovered by reduction, phlo- 
giston is replaced. Oil, wax, and charcoal are jrich in phlogiston, and 
may restore it to a burnt material. Zinc on heating in air burns with 
a brilliant flame, hence phlogiston (</>) escapes. When the white calx 
of zinc formed is heated with charcoal (rich in phlogiston), zinc distils : 
calx of zinc +<£ = zinc. Similarly with other metals. Phosphorus burns to 
produce an acid and much heat and light are evolved : phosphorus = 
acid + cf>. If the acid is heated with charcoal, phlogiston is absorbed and 
phosphorus is reproduced. 

Stahl’s theory united many previously isolated facts, and was largely 
accepted during the eighteenth century, although Boerhaave, in his 
important Elementa Chemiae (1732), does not mention it. During this 
period the increase in weight of metals on calcination was usually 
ignored, although the fact was destined later to overturn the phlogiston 
theory. 

This increase of weight is shown by experiment. Finely divided reduced 
iron is taken up by a horse-shoe magnet counterpoised from a balance 
(Fig. 20), a pieeo of asbestos paper being placed in the pan underneath. A 
spirit-lamp flame is applied to the tufts of iron ; the powder begins to glow, 
and after calcination falls from the magnet. The pan on tho side of the 
magnet sinks, because tho iron increases in weight. 

Scheele’s experiments.— Carl Wilhelm Scheele (1742-1786), a poor 
apothecary in Sweden, made a great number of fundamental chemical 
discoveries, those on combustion being published in his treatise On Air 
and Fire. The experiments were nearly all made before 1773 but owing 
to delay the book did not appear until 1777, when many of Scheele’s 
discoveries had been made independently, and published, by Priestley 
in England. Schcele’s priority was established in 1892 from his original 
laboratory notes. 

In his first set of experiments Scheele measured the contraction of air 
standing in contact with a solution of liver of sulphur (hepar sulphur is), 
a solution of sulphur in lime-water, linseed oil, and iron filings moistened 
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with water, all of which, he says, are rich in phlogiston or the inflam- 
mable substance. In all cases there was a loss of air. A yellow solution 



Fro. 20. — Increase in weight of iron on burning. 


of sulphur in potash became colourless in contact with air, and then 
contained “ vitriolatcd tartar,” which could be formed from potash and 
sulphuric acid. 

Take three glass tubes, 2 ft. long and | in. wide, fitted with rubber stoppers 
and divided into five equal volumes by strips of label. In ono place a 
moistened piece of liver of sulphur (made by fusing potassium carbonate 
with flowers of sulphur in a covered crucible till 
evolution of gas ceases), and in a second a piece 
of phosphorus stuck on a piece of copper wire. 
Wet the inside of the third tube with water and 
sprinkle it with clean iron filings. Allow the three 
tubes to stand invertod in a cylinder of water for a 
few clays (Fig. 21) and observe that the water rises 
in the tubes until one-fifth of the volume is occu- 
pied. Cork the tubes, remove them and insert a 
lighted taper into each. The flame is extinguished. 

The inflammable substance was not in the re- 
sidual gas, for if this had been formed by the 
union of common air with phlogiston, and con- 
traction, it should be denser than common 
air. But : “a very thin flask which was filled 
with this air, and most accurately weighed, not 
Fl ^ 2 by^omhoraf ° f onl - y did nHt counterpoise an equal volume of 
J r 1 ’ ordinary air, but was even somewhat lighter.” 

Thus, “ the air is composed of two fluids , differing from each other, 
one of which does not manifest in the least the property of attracting 
phlogiston, whilst the other, which composes between the third and 
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fourth part (really one-fifth) of the whole mass of the air, is peculiarly 
disposed to such attraction.” These two fluids Scheele called foul air , 
and fire air , respectively. 

Scheele next placed a little phosphorus in a thin flask, corked the 
flask, and warmed it until the phosphorus took fire. A white cloud was 
produced, which attached itself to the sides of 
the flask in white flowers of “ dry acid of phos- 
phorus.” On opening the flask under water, 
the latter entered and occupied a little less 
than one- third of the flask. By allowing phos- 
phorus to stand for six weeks in the same flask 
until it no longer glowed, contraction of the air 
also occurred. 

Scheele then burned a hydrogen flame in air 
in a glass globe standing over water (Fig. 22). 

The water rose until it filled about one-fourth 
of the flask, when the flame went out. ? 

Bum a jet of hydrogen from a Kipp’s apparatus 
inside a graduated boll -jar over water. The gas is 
turned off as soon as the flame (which becomes 
enlarged and very dim towards the end) goes out. ^ 

After cooling, one-fifth of the air has disappeared perim ent on the combus- 
( Fig. 23). tion of inflammable' air. 



Scheele thought that hydrogen (inflammable air) w as phlogiston, and 
in considering the last experiment he asked himself : 

(1) What has become of the fire air ? 

(2) Where has the phlogiston (inflammable air) gone ? 

The fire air, he argued, must either 

remain in the air, be dissolved in the 
w r ater, or have escaped through the vessel. 
He did not notice the moisture (which 
contained both the missing gases) con- 
densed on the flask because he worked 
over hot water, wdiich gave off steam. The 
foul air was lighter than common air, 
although the air had undergone a contrac- 
tion, hence the two substances cannot be 
present in it, and he found nothing in the 
water. Scheele concluded that the fire air 
and phlogiston had escaped through the 
glass, combined in the form of fire (heat and light), considered to 
be material : fire = fire air +</>. 

Scheele now tried to reverse this change, i.e., to decompose heat into 
fire air and phlogiston. For this purpose he must present to the heat a 
substance having a greater attraction for phlogiston than is shown by 
fire air, w r hen the latter should be set free. He chose nitric acid because 
it readily corrodes metals, taking out their phlogiston and forming red 
fumes. In order to subject it to the action of heat, the acid must he 



Fig. 23. — Combustion of 
hydrogen in air. 
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fixed, and Scheele did this by combining it with potash, and setting the 
acid free at a high temperature by distilling the nitre with strong oil 
of vitriol (sulphuric acid) in a retort (Fig. 24). Red fumes came off, 



Fig. 24. — Scheele’s isolation of fire air. 


which were absorbed in a bladder containing milk of lime attached to 
the neck of the retort. The bladder gradually filled with a colourless 
gas in which a taper burned with a flame of dazzling brilliance. This 
was fire air. 

Scheele prepared fire air in other ways. He heated calx of mercury 
(mercurius calcinatus per se), which he supposed absorbed jjhlogiston from 
the heat, setting free the fire air : 

Calx of Mercury -f (</> f Fire Air) - (<£ + Calx of Mercury) + Fire Air 
Heat Metallic Mercury 

He also obtained fire air by heating black manganese ” (manganese 
dioxide) with sulphuric or arsenic acid, nitre, magnesium and mercurous 
nitrates, and silver or mercurous carbonates, the aerial acid (carbon dioxide) 
simultaneously produced from the carbonates being absorbed by means of 
an alkali : silver carbonate - silver + fire air + aerial acid. 

Scheele found that fire air is completely absorbed by moist liver of 
sulphur. When he burnt phosphorus in a thin flask of it, the flask burst 
on cooling. With a thicker flask, the cork could not be taken out under 
water but could be pushed in, when water rushed in and filled the flask. 
A hydrogen flame continued to burn in the gas until seven-eighths were 
absorbed. When fire air was added to the foul air left after combustion 
of hydrogen, etc., in air, so as to restore the original volume, the mix- 
ture had all the properties of ordinary air, e.g. it left the same residue 
after standing over liver of sulphur. 

Fill a gas- jar, divided into 5 parts, four-fifths with nitrogen, and then fill 
up the remaining fifth with oxygen. Test the gases separately in tubes with 
a taper, and then the mixture. 

Scheele confined animals and insects in air, taking care to put along 
with them their appropriate foods. He found that they ultimately 




PRIESTLEY’S EXPERIMENTS 


31 


hi] 

died ; aerial acid (Black’s fixed air) was produced and a contraction of 
the air resulted, the residue extinguishing a flame. Similar results were 
found with sprouting peas. Two large bees were placed in a bottle of 
fire air over milk of lime, Scheele having “ provided some honey for 
their stay.” After eight days the bottle was almost completely filled 
with liquid, and the bees were dead. He also noticed that fire air is 
partly dissolved out of common air when this stands over water which 
has been boiled. A candle burns more brightly in the air expelled from 
water by boiling than in common air. 

Priestley's experiments. — Joseph Priestley (1733-1804), having come 
into possession of a powerful lens or burning-glass, tried by its aid to 
extract “ air ” from various chemicals given to him by his friend 
Warltire. Among these was red precipitate, or mercurius calcinatus per 
se t obtained by heating mercury in air, the nature of which had long 
been a puzzle. The substances were heated by focusing the sun’s rays 
on them in small phials filled with and inverted over mercury. 

“ Having procured a lens of twelve inches diameter, and twenty inches 
focal distance, I proceeded with great alacrity to gamine, by the help of it, 
what kind of air a great variety of substances, natural and factitious [i.e. 
artificially prepared : cf. Cavendish’s factitious airs] would yield . . . With 
this apparatus, after a variety of other experiments, ... on the 1st August, 
1774, 1 endeavoured to extract air from mercurius calcinatus per s£ ; and I 
presently found that, by means of this lens, air was expelled from it very 
readily. Having got about three or four times as much as the bulk of my 
materials, T admitted water to it, and found that it was not imbibed by it. 
But what surprised ine more than I can well express, w Y as, that a candle 
burned in this air with a remarkably vigorous flame.” 

Both Hales (p. 24), and Priestley in 1772, had obtained oxygen by 
strongly heating nitre, but both had failed to recognise (as Scheele did) 
that it was a gas different from common air. Priestley did not com- 
pletely recognise this until March, 1775. 

Priestley found that a mouse lived twice as long in the new air as in 
the same confined volume of common air, and revived afterwards when 
taken out. He breathed it himself, and fancied his “ breast felt 
peculiarly light and easy for some time afterwards ” — hence he recom- 
mended its use in medicine (it is now r used in the treatment of gas 
poisoning and pneumonia). “ Who can tell but that, in time, this pure 
air may become a fashionable article in luxury. Hitherto only two mice 
and myself havo had the privilege of breathing it.” He suggested that 
by blowing fires with the new air, very high temperatures might be 
attained, and his friend Mitchill was later on able to melt platinum in 
this way. 

Priestley assumed, from the teachings of Stahl, that a candle on 
burning gives out phlogiston and is extinguished after a time in a closed 
vessel because the air becomes saturated with phlogiston. Ordinary 
air supports combustion because it is only partly saturated with 
phlogiston and can absorb more of it. Substances burn in air with 
only a moderate flame, whereas in the new air the flame is vivid ; there- 
fore the new gas must contain little or no phlogiston, and hence Priestley 
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called it dephlogisticated air. The gas left when bodies burn out in 
ordinary air was named, for a similar reason, phlogisticated air : 
Dephlogisticated Air = Air - <f>. (Scheele’s Fire Air ; Oxygen.) 
Phlogisticated Air = Air + </>. (Scheele’s Foul Air ; Nitrogen.) 

Priestley believed that phlogiston is the same thing as inflammable 
air [hydrogen], and is contained in a combined state in metals, just as 
fixed air is contained in chalk and other calcareous substances ; both 



Lavoisier. 


being equally capable of being expelled again in the form of air fby the 
action of acids].” 

Owing to his attachment to tins phlogiston theory (in which he believed 
till his death) Priestley was not able to give a correct explanation of 
his experiments. This was first done by Lavoisier. 

Lavoisier’s Theory.— Antoine Laurent Lavoisier (1743-1794), the 
famous French man of science, began to experiment on combustion in 
1772. He found that metals when calcined increase in weight, as pointed 
out by Hey in 1030, and an equal weight of air is absorbed. In a cfiven 
volume of air calcination proceeds to a fixed limit, and an unabsorbed 
gas remains. Phosphorus burns in a confined volume of air : the 
diminished volume extinguishes a taper, and the white powder formed 
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weighs more than the phosphorus. He concluded that substances on 
burning take something from the air. 

Lavoisier modified Hoyle's experiment of calcining tin and lead by 
using weighed sealed retorts. He found no change in weight (which dis- 
proved Boyle’s theory of the fixation of igneous corpuscles) until air was 
allowed to enter. On heating the calx of lead with charcoal it lost in 
weight and “ an air was abundantly evolved.” Thus something is 
taken from the calx in forming the metal, and this must be ” an air.” 

In October, 1774, Priestley visited Paris with Lord Shelburne, and 
told Lavoisier at dinner of his discovery of dephlogisticated air, saying 
he “ had gotten it from precip. per se and also red lead ” ; whereupon, 
he says, “ all the company, and Mr. and Mrs. Lavoisier as much as any, 
expressed great surprise.” Lavoisier was quick to see the important 



Fig. 25. — Demonstration of the composition oi air by Lavoisier (1789). 


bearing of Priestley's discovery on his own unfinished work, and he 
was able to prove that dephlogisticated air is absorbed in the calcina- 
tion of metals by a famous experiment, described in his Traitl de Chimie 
(1789). 

He heated 4 oz. of mercury in a retort which communicated with a 
measured volume of air in a bell-jar over mercury (Fig. 25). The volume 
of air in the bell and in the retort was 50 eu. in. After a time red specks and 
scales of calx formed on the surface of the mercury. After twelve days the 
scales no longer increased ; the fire was removed, and the experiment 
stopped. The air had contracted to 42 eu. in., and the gas left was a 
“ mephitic air,” which Lavoisier at first called atmospheric mofette* The 
scales of mercury calx {merevrius culcinatus perse) were collected and found 
to weigh 45 grains. They were transferred to a small retort and heated ; 
8 cu. in. of dephlogisticated air, which was ” an elastic fluid, much more 
cajiable of supporting respiration and combustion than ordinary air,” and 
hence called by Lavoisier vital air or air eminently respirable , were obtained, 

* Mephitis , a noxious exhalation from the ground, Vergil, Acnetd, vii. 84. 
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together with 41 J grains of mercury. When this vital air was added to the 
atmospheric mofette, ordinary air was formed without any evolution of 
heat or light, hence air is probably simply a 
mixture of these two gases (as had previously 
been suggested by Scheele). 

Lavoisier made experiments on the combus- 
tion of substances in vital or “ pure ” air, and 
summed up his conclusions in four statements 
which comprise the antiphlogistic theory (1777) : 

(!) Substances burn only in pure air (oxy- 
gen). 

(2) Non-metals, such as sulphur, phosphorus, 
and carbon, produce acids on combustion ; 
hence the gas was called oxygen (from two Greek 
words meaning “ producer of acids ”). 

(3) Metals produce calces (basic oxides) on 
absorption of oxygen. 

(4) Combustion is in no case due to an 
escape of phlogiston, but to chemical eombina- 

Fto. 26. — Gas jar and tion of the combustible substance wit h oxygen. 

deflagrating spoon. ’ 

Lavoisier’s experiments may be repeated by 
burning sulphur, phosphorus, and carbon in jars of oxygon, the substances 
being held by deflagrating spoons (Fig. 26), and shaking the products witli 
litmus solution. The latter is reddened. Magnesium ribbon burns with a 
blinding light giving a white calx, which turns moist red litmus paper blue. 




Fig. 27. — The oxidation of phosphorus. 


The increase in weight when phosphorus bums may be shown by the 
following experiment. A small piece of dry phosphorus is placed between 
two plugs of asbestos in a glass tube (Fig. 27) and the tube weighed. It is 
attached to an aspirator bottle from which a slow stream of water is allowed 
to run, thus causing a current of air to pass through the tube. The tube is 
heated gently until the phosphorus takes fire. The white fumes produced 
m the combustion are mostly retained by the asbestos. When combustion 
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ceases, the tube is allowed to cool and weighed. It will have gained in 
weight. 

Lavoisier’s new theory was not accepted at once ; Black in England 
and a few French chemists supported it, but there was a difficulty 
to be overcome. A metal like zinc dissolves in acid giving inflam- 
mable air, and a salt is left on evaporating the solution, which, on 
strong heating, parts with its acid and leaves the calx of the metal. 
The same salt is formed when the calx is dissolved in the acid, but no 
inflammable air is then evolved. Whence comes the inflammable air in 
the first experiment ? This was an easy question for the phlogistonists. 
The metal contains phlogiston as well as calx, so that in reacting with 
the acid it evolves this phlogiston as inflammable air. Lavoisier’s 
theory could give no explanation of the origin erf the inflammable air ; 
this was first supplied by the researches of Cavendish on the formation 
of water from inflammable air and dephlogistioajted air. 



CHAPTER IV 

THE COMPOSITION OF WATER 

Cavendish’s experiments. — Inflammable air was first collected by 
Boyle. He filled a bottle with dilute sulphuric acid, put some iron nails in 
it, and inverted the bottle in a dish of the acid. Bubbles of gas rose from 
the iron and collected in the bottle. Boyle in 1672 also described the 
combustibility of hydrogen and showed that a hydrogen flame is ex- 
tinguished in an exhausted receiver. In 1776 Maequer noticed that a 
hydrogen flame deposits moisture on a cold saucer. Priestley in 1781 
observed that when a mixture of dephlogisticated air (oxygen) and 
inflammable air (hydrogen) is kindled it explodes violently. Warltire 
noticed that when the mixture of gases in a closed glass vessel was 
kindled by an electric spark, the inside of the vessel, after cooling, was 
bedewed with moisture. 

Collect a mixture of 2 vols. of hydrogen and 1 vol. of oxygen in a strong 
soda-water bottle over water. The bottle is wrapped in a strong tow r el, w ith 
a short length of neck only projecting, and the whole placed in a strong tin 
can or iron mortar. Kindle the gas by a long taper. There is a loud ex- 
plosion.* 

By firing the gases in a copper globe with the electric spark Priestley 
thought he found a slight loss of weight, which he put down to the 
escape of heat. 

Cavendish in 1781 ignited a mixt ure of common air and inflammable 
air in a glass globe by means of an electric spark. He found that, with 
423 vols. of inflammable air to 1000 vols. of common air, “ almost all 
the inflammable air and about one-fifth part of the common air, lose 
their elasticity, and are condensed into the dew which lines the glass.’* 
There was no change in weight after explosion. 

To examine the nature of the dew, Cavendish performed an experi- 
ment similar to the following. 

Burn a jet of hydrogen, dried by calcium chloride, under a glass flask 
cooled by running cold water (Fig. 28). Notice the collection of moisture 
on the outside of the flask, which drops off and may be collected in a small 
dish. It will be found that this liquid is odourless, tasteless, boils at 100 u , 
and leaves no residue on evaporation. It is water. 

Cavendish prepared a mixture -of 195 vols. of dephlogisticated air 
(oxygen) and 370 vols. of inflammable air (hydrogen) in a bell jar over 
water. The end of a siphon tube, attached to the previously exhausted 

* This and similar experiments must be performed with adequate precautions 
to prevent injury in case the bottle should burst. 

36 
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glass firing-globe or eudiometer (Fig. 29), was covered with a bit of wax 
and passed inside the jar. The wax was knocked off and on opening 



Fro. 28. — Formation of water by the eombustloli of hydrogen in air. 

the stopcock the globe was filled with the 
gas mixture. The tap was closed and the 
mixture fired by a spark. The gas " lost its 
elasticity," and on opening the stopcock 
the globe was again filled with the gas. 
which took the place of that converted into 
liquid water by the explosion. This was 
repeated six times, and water was pro- 
duced. The ratio of the combining volumes 
of hydrogen and oxygen found in these 
experiments was 201 : 100. 

Cavendish found that the water produced 
in this experiment was acid. He proved that 
the acidity was due to nitric acid, formed only 
with oxygen in excess and due to the com- 
bination with oxygen of nitrogen present in it 
as an impurity. Acid is not produced in ex- 
plosion of hydrogen with air , because the 
flame is then not hot enough. 

Cavendish’s experiments on the cause of 
the acidity of the water delayed publication 
of his memoir until 1784. His conclusions 
w r ere : “I think we must allow’ that de- 
phiogisticated air is in reality nothing but 
dephlogisticated water; and that inflam- 
mable air is either pure phlogiston, as Dr. 

Priestley and Mr. Kirwan suppose, or else 
water united to phlogiston,” and in all probability the latter. This 
would represent the formation of water as follows : *\ 

Inflammable air = water + </> \ & wa ter 

Dephlogisticated air = water - <j> I 



Fig. 29. — Cavendish’s firing 
globe (“ Eudiometer ”). 

(From a photograph of u hat is be- 
lieved to be the original apparatus in 
the University of Manchester.) 
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Cavendish took (water ■> <f>) for inflammable air, because a red heat is 
necessary to start the combination of the two gases, whereas nitric oxide 
(c/. p. 26) combines with dephlogistieated air (oxygen) at the ordinary tem- 
perature, and in presence of water forms nitric acid. Nitric oxide is 
produced by the action of copper on nitric acid, and was regarded as (nitric 
acid + </>). It is improbable that dephlogistieated air should he able to 
separate <j> from its combination with nitric acid but not able to unite with 



Cavendish. 


free <f> (if this is inflammable air) under the same conditions. Hence in- 
flammable air is probably not pure phlogiston, but phlogisticated water. 
Cavendish therefore thought that water pre-existed in the two gases, and 
its formation on explosion was simply due to a transfer of phlogiston. 
James Watt is sometimes credited with stating, in a letter published in 1784, 
that water is composed of the two gases, but there are reasons for doubting 
this. 

Lavoisier’s explanation of Cavendish’s experiments.— Lavoisier had 
been puzzled by thy combustion of hydrogen in oxygen, which he 
thought should produce an acid. In 1783 he resolved to make the 
experiment of burning hydrogen in oxygen on a larger scale, so that the 
product, whatever it was, should not escape his notice. In May or June 
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of that year Sir Charles Blagdcn, formerly Cavendish’s assistant, visited 
Lavoisier and told him of Cavendish’s experiments, Lavoisier saw the 
importance of the result, and on 24th June, 1783, Jhe repeated the experi- 
ments in the presence of Blagden. On the following day an account of 
them was sent to the French Academy of Sciences, and was published 
in the Mimoires in 1784. Practically no mention is made of Cavendish, 
whose paper did not appear until 1784. Lavoisier has no claim to the 
discovery of the composition of water, but he must be given the credit 
of having first clearly stated the results. “ Water is nothing but 
oxygenated hydrogen or the immediate product of the combustion of 
oxygen gas with hydrogen gas, deprived of the light and caloric (heat) 
which disengage during the combustion.” ^ 

In 1784 Lavoisier and Meusnier decomposed: iyater by passing steam 
over iron borings heated to redness in a gun^arrel. Hydrogen was 
liberated and the iron converted into the sa gp pblack oxide as is pro- 
duced when iron wire burns in oxygen. ; :$if 

A piece of weldless iron pipe loosely packed wi|^|small iron nails is con- 
nected with a flask of water at one end, an empty f&ik and gas delivery tube 
being at the other, as shown in Fig. 30. Heat th4#on pipe to redness and 
boil the water in the flask. Water collects in t^empty flask, 
showing that the decomposition is not complete, tAt bubbles of 
gas are evolved from the delivery tube. Show that this is hydro- 
gen. After the experiment examine the residue in the tube. 



Fig. 30. — Decomposition of steam by red-hot iron. 

Insert a piece of burning magnesium ribbon into a large conical flask in 
which water is boiling vigorously. The metal bums brightly in the steam, 
the hydrogen produced burns when kindled at the mouth of the flask, and 
white magnesium oxide remains. 

Lavoisier was now 7 able to explain the difficulty mentioned on p. 35, 
and so remove the last argument in favour of the phlogiston theory. A 
metal such as zinc, when dissolving in dilute acid, decomposes the 
water, liberating hydrogen and combining with o&ygen of the water to 
form the calx (oxide), which then unites with the acid to form a salt. 
The origin of the inflammable gas was therefore cleared up. Lavoisier 
regarded the acid as an oxide ; at the present time the hydrogen is 
regarded as coming from the acid. 
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From 1785 the theory of phlogiston soon disappeared and modern 
chemistry had its origin in Lavoisier's writings. The material had 
been collected by the investigations of Boyle, Priestley, Cavendish, 
and Schcele, but it required the clear and original mind of the great 
French chemist to explain it and to form it into a logical system. 

Monge in 1783 exploded hydrogen and oxygen, drawn from two 
graduated jars into a previously evacuated glass globe with firing 
wires (Fig. 31). No fewer than 372 successive explosions were made, 



Fig. 31. — Mongo’s experiment of the combination of hydrogen and 
oxygen gases. 

The gases were collected through siphon tubes, pr, PR, in the gradu- 
ated cylinders, G and H ; they passed through the stopcocks, I and K. 
to the globe, M, previously exhausted through the tap, L, leading to an 
air-pump at (). 

producing four ounces of water, and the hydrogen and oxygen com- 
bined in the ratio of 1 *95 : l by volume. The result is less accurate 
than Cavendish's. 

The electrolysis of water.— In 1800 Nicholson and Carlisle, and 
Cruickshank, experimenting with the newly-invented electric battery 
of Volta, discovered that bubbles of oxygen and hydrogen, respectively, 
rise from two platinum wires connected with the copper and zinc poles 
of the battery and dipped into water. From copper or iron wires hydro- 
gen only comes off ; the oxygen is absorbed by the wire, producing an 
oxide. They collected the gases separately and found that 2 vols. of 
hydrogen and 1 vol. of oxygen are liberated. This agrees with Caven- 
dish s synthesis of water. Davy in 1806 showed that when very pure 
water is electrolysed in a gold vessel, and the experiment is carried out 
in a vacuous receiver so that no impurities can enter from the air, or 
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be dissolved from glass or other substances of ordinary vessels, then 
nothing but hydrogen and oxygen are produced. Water is decomposed 
by an electric current into hydrogen and oxygen 
in the ratio of 2 to l by volume . 

An apparatus for the decomposition or elec-' 
trolysis of water by an electric current is shown 
in Fig. 32. It is called a voltameter or coulometer 
and consists of two glass tubes with stopcocks 
above, connected by a horizontal tube, carry- 
ing a funnel for filling the apparatus with water 
to which a little sulphuric acid has been added % 
to render it a conductor of electricity. Pure w 
water is a bad conductor, but only the water is ,S 
decomposed in the process. The electrodes lead- 'K 
ing the current into and out of the liquid J 
consist of platinum foil. The current may con- "k 
veniently be taken from accumulators in series, f 

Rubbles of gas rise from each electrode ; that I 
coining from the positive electrode, although it f 
appears more abundant because it is liberated f 
in smaller bubbles (according to Faraday be- 
cause the platinum is cleaner), occupies half 
the volume of the other gas, and if allowed t< Fig. 32. — Decomposition 

escape from the tap inflames a glowing chip of wat6r J nto hydrogen and 

wood. This gas is oxygon. The gas evolved 

from the negative electrode, when kindled by a taper, bums with a flame, 
and is hydrogen. 

Electrolytic gas. — Two electrodes are placed in a bottle of dilute acid 
(Fig. 33) : the hydrogen and oxygen gases come off mixed together in the 
form of electrolytic or detonating gas. This is w ashed free from acid spray by 



Fio. 33. — Preparation Fid. 34. -Explosion of electrolytic 

of electrolytic gas. gas by an electric spark. 


water in the bulb tube, and collected over water in a smalL thin glass 
flask. This when filled with the mixture is inverted over a cork carrying 
two copper wires connected with a coil (Fig. 34). The flask is covered with 
a cage of stout fine-mesh iron wire gauze and a spark passed. There is a 
violent detonation and the flask is shattered, a little fine powder escaping 
through the gauze in the form of smoke. 
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The composition of water by volume. — The com position of water by 
volume may be found fairly accurately by the following experiment 
(see p. 188 for a very accurate method). 

Bunsen’s eudiometer (Fig. 35) * consists of a strong 
glass tube sealed at one end and provided with two 
platinum wires sealed through the glass for the pur- 
pose of passing an electric spark. It is graduated 
almost to the open end in mm. which are takon as 
measuring the volumes, since except at the closed 
end the cross-section is constant. 

The eudiometer is filled with mercury and inverted 
over mercury in a trough. Pur© hydrogen is passed 
in and the volume accurately read off, the correc- 
tions for temperature and pressure (see Chapter V) 
being applied, the distance of the mercury meniscus 
in the tube from the level in the trough being sub- 
tracted from the barometer reading. A volume of 
pure oxygen rather less than a quarter that of tho 
hydrogen is then added. t 

The open end of the eudiometer is held down 
firmly on a pad of rubber beneath the mercury and 
an electric spark from a coil is passed. There is a flash of light in the 
tube and a dull noise is heard. Dew appears on 
the walls of the tube after cooling. 

The eudiometer after cooling is lifted from the 
rubber pad and the volume of moist hydrogen re- 
maining is read off and corrected for temperature 
and pressure. It will be found that the two gases 
have combined in the ratio of 2 volumes of hydro- 
gen to 1 volume of oxygen. That the residual gas 
is hydrogen may be confirmed by testing it with a 
taper. 

The volume composition of steam. — In order 
to find the volume of steam produced from the 
combination of the gases, if it were kept gaseous, 
it is convenient to use a U-shaped eudiometer, 
the closed limb of which is surrounded by a glass 
jacket through which the vapour of boiling amyl 
alcohol (132°) is passed. The water produced is 
then kept in the form of vapour (Fig. 36). 

Twenty ml. of hydrogen and 10 ml. of oxygen 
are introduced, measured at the temperature of the 
jacket with the mercury levels adjusted to equality 
on both sides. The open end of the U-tube is firmly closet! by a rubber 
stopper, and a spark passed from the coil. There is a flash of light and an 

* A more convenient but more complicated and expensive apparatus is de- 
scribed in Chapter XXIX. 

t The explosion is less violent than with a 2 : 1 mixture. 


Vapour inlet 



FiO. 36. — Volume com- 
position of steam. 



Fig. 35.- Bunsen’s 
eudiometer, for ex- 
ploding a mixture of 
gases confined over 
mercury. 
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immediate contraction. By taking out the stopper and running mercury 
into the open limb until the levels are again equal, it will be seen that the 
steam occupies 20 ml. : 


2 vols. of hydrogen + 1 vol. of oxygen =2 vols. of steam. 

If the densities of oxygen and hydrogen gases are known the 
experiment will enable us to calculate the composition of water 
by weight. 


The density of oxygen at S.T.P. is 1-429 gm. per; litre, that of hydrogen is 
0*09 gm. per litre. The weight, of two litres of hydrogen is 0-18 gm., and 
this combines with 1 litre, or 1-429 gm., of oxygen. Hence the weight of 
oxygen combining with 1 gm. of hydrogen is l,*429/0-l 8 - 7-94 gm. 

More accurate experiments on the coml>h|jfe volumes of hydrogen 
and oxygen are described in Chapter X 11 1 . % | 

The composition of water by weight. — it is difficult to weigh 
with accuracy large volumes of hydrogen anf oxygen, the composition 
of water by direct synthesis from its ele merits was attempted only 
comparatively recently. Formerly an indiflgpi method was used. A 
stream of dry hydrogen, which is not weighed, is passed through a 
weighed tube containing copper oxide (preferred by heating copper 
turnings in air) heated to dull redness. The ,pxide is reduced by the 
hydrogen to metallic copper, the oxygen of t&e copper oxide uniting 
with the hydrogen to form water, which is collected in a weighed cal- 
cium chloride tube and weighed. 

About 20 gm. of black oxide of copper, previously heated to redness in a 
crucible and cooled in a desiccator over calcium chloride to remove moisture, 
is introduced into a hard glass tube (Fig. 37), which is then weighed. The 



Fio. 37. — Composition of water by weight. * 


tube is connected by a rubber stopper to a large weighed U-tube 
containing granular calcium chloride, which readily absorbs water 
vapour. ' 

A current of hydrogen generated from pure zinc and dilute sulphuric acid 
in the flask, and dried by a calcium chloride tube, is passed through tfye 
apparatus until all the air is expelled. The popper oxide is th^p heated. 
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Drops of moisture condense in the tube, and the black oxide of copper is 
reduced to red metallic copper. As the experiment proceeds and the tube 
becomes warm, all the water is driven over into the calcium chloride tube. 
The apparatus is allowed to cool, with hydrogen still passing. The tube 
containing the copper and the U-tube are again weighed. 

From these results we find : 

Loss of weight of copper oxide 

= weight of oxygen = o . 

Weight of water - weight of oxygen 

= weight of hydrogen = h. 

ratio of combining weights * ojh. 

It will be seen that the weight of hydrogen is obtained by difference, so 
that the synthesis is not complete. This method was used by Berzelius 
and Dulong in 1819, who found the ratio oxygen : hydrogen « 8*01 ; I . 

Dumas' experiment.-* -In 1842 Dumas carried out this experiment 
with greater accuracy. Hydrogen generated from zinc and dilute 
sulphuric acid was purified by passing through seven U -tubes contain- 
ing : (1) lead nitrate solution to remove hydrogen sulphide, (2) silver 
sulphate solution to remove arsenic hydride, (3) three tubes of potassium 
hydroxide to remove acid vapours, (4) two tubes of sulphuric acid 
cooled in ice, or else phosphorus pentoxide, to dry the gas. The re- 
agents were spread on pumice or broken glass to expose a large surface. 
These were followed by a Umoin (or “ witness ”) tube, the weight of 
which must remain unchanged when the drying has been as effective as 
possible : it contained sulphuric acid or phosphorus pentoxide. 

The copper oxide was contained in a large hard-glass bulb with a long 
neck, weighed after evacuation to remove air. The air was displaced 
from the apparatus by hydrogen, and the bulb heated by a large spirit 
lamp for ten to twelve hours. The water produced was collected in a 
smaller bulb, in the neck of which calcium chloride was placed, followed 
by a series of four drying tubes containing sulphuric acid on pumice, or 
phosphorus pentoxide. The last tube communicated with a vessel of 
sulphuric acid, through which the residual hydrogen escaped. In all 
the experiments the weight of the last absorption tube was constant. 
The whole apparatus is shown in Fig. 38. 

The copper was allowed to cool in the bulb in a stream of hydrogen, 
the hydrogen was displaced by air in the whole apparatus, and the bulb 
then exhausted and weighed. The absorption system was also weighed. 

A mean of nineteen experiments gave the following result : 


Oxygen - 



Percentage by 
weight. 

Combining ratio 
by weight. 

- 

- 

- 88B64 

7-98 

Hydrogen 

* 

* 

- 1 1*136 

1 65*ooo 

14)0 

8- §8 


This ratio was accepted without question for nearly half a century. 
Dumas himself, however, had pointed out two sources of error in the 
method : 

* (1) Air dissolved in the sulphuric acid passed on with the hydrogen, 
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and the oxygen of tins air combined with hydrogen in the chopper oxide 
bulb ; (2) the reduced copper retained hydrogen when cooled in that 
gas. 

Both errors tended to reduce the loss of weight of the bulb, so that 
the proportion of oxygen found should be too small. All later experi- 
menters found, however, that the proportion of 
oxygen given by Dumas was rather too large. 

Reiser in 1 888 introduced the method of weigh- 
ing the hydrogen absorbed in metallic palladium ; 
he weighed the water formed on pumping the gas 
over heated copper oxide, which w r as not weighed. 
Oxygen was found by difference. 

Morley ’s experiments. — Some very accurate ex- 
periments on the composition of water by weight 
were made by the American chemist E. W. Morley 
from 1880 to 1895. Purified oxygen and hydrogen 
gases wore weighed in large glass globes ; in the 
later experiments the hydrogen was weighed in a 
bulb containing palladium, which has the. unique 
property of absorbing large volumes of hydrogen 
but not other gases. When the palladium charged 
with hydrogen is strongly heated pure hydrogen 
a F arat is”~^The le / 8 evolved. The gases were burnt at platinum 
gaseTpassed through jets in a previously evacuated sealed glass vessel 
phosphorus pent- (Fig. 39) immersed in cold water. The water 
the^ets, 1 a^a^whore collecting in this tube was then frozen, and the 
they were ignited by residual gas pumped out through a tube contain- 

tween wiresTfrom the in ^ phosphorus Protoxide (to keep back water 
electrodes, / and /. vapour) and analysed. 

A typical experiment furnished the following data : 

Weight of hydrogen introduced into apparatus = 3*8223 gm. 

„ residual hydrogen = 0-0012 „ 

.'. „ hydrogen burnt = 3-8211 „ 

„ oxygen introduced into apparatus -30-3775 „ 

>, residual oxygen * - 0-0346 „ 

** oxygen burnt * -30-3429 „ 

8uin of weights of hydrogen and oxygen burnt - 34-1640 „ 

Weight of water produced - 34-1559 „ 

Loss in weight due to experimental error 0-0081 

Ratio of weights of oxygen and hydrogen combining to form water 
= 7-941:3. 

As a final result, the mean of twelve experiments in which 400 gm. of 
water were produced, Morley obtained the ratios : 

oxygen : hydrogen = 7-9396 : 1 
water : hydrogen =8-9392 : 1. 
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111 another series of experiments on the densities and combining 
volumes of the two gases (p. 51), Morley found the ratio : 

oxygen : hydrogen = 7 *9395 : 1 . 

As is explained later (p. 88) the combining weight of hydrogen is 
taken as that combining with 8-000 parts by weight of oxygen. Mor- 
ay’s result gives for this 8*000/7-9396 = 1*00673. 

Noyes' experiments. — In 1907 W. A. Noyes improved a method he 
had used in 1890 for determining the combining weight of hydro- 
gen. In one set of experi- 
ments, pure hydrogen was 
absorbed in palladium in an 
exhausted tube which w as 
weighed (Fig, 40). Pure 
oxygen was then admitted 
and the tube heated, when 
the hydrogen in the pallad- 
ium burned to steam which 
condensed to liquid water in 
a cooled extension limb of the tube. The tdbl and water were then 
weighed and connected with an apparatus i|tfwhich the water was 
collected and weighed, the residual gas being pufnlped off, measured and 
analysed, and its weight applied in correcting tin© result. Noyes also 
used copper oxide in the tube and admitted pure hydrogen to it, The 
results for copper oxide gave somewhat lower numbers ; those for 
palladium and the purest hydrogen (from electrolysis of baryta solution), 
which Noyes considered the best, gave the weight of hydrogen combin- 
ing with 8-000 parts of oxygen as 1*00787. The accepted modern value 
is 1*0080. 



CHAPTER V 


THE PHYSICAL PROPERTIES OF GASES AND 
' VAPOURS 

Effect of pressure on the volume of a gas. — Boyle’s Law (1662) states 
that : at constant temperature the volume, of a given mass of gas is inversely 
proportional to the pressure : 

pr = constant (J) 

The density of a gas is the mass per unit volume, m jv, hence the density 
is proportional la the pressure. 

Boyle’s law is not exact ; all gases show marked deviations from it at 
high pressures. At moderate pressures all common gases except hydro- 
gen are more compressible than an ideal gas which obeys Boyle’s law. 
Hydrogen is slightly less compressible and the same behaviour is shown 
by all gases at very high pressures (Amagat). Amagat’s results for 
three gases are shown in Fig. 41, in which pV = I corresponds with an 

ideal gas. It is seen that at all pressures 
pV for hydrogen is increasingly greater 
co than 1, i.e. hydrogen is less compressible 
a than an ideal gas ( F greater than ideal 
for all values of p) ; while nitrogen and 
carbon dioxide are more compressible at 
N » moderate pressures, but become less and 
H leas compressible at high pressures. 
a Hydrogen was called by Regnault plus 
que parfait, but all gases behave like it 
at high pressures. 

At very low pressures (<M)1 - Hi mm. 
Hg) no deviation from Boyle’s law can 
be detected (Rayleigh, 1901-2), and the 
gases behave as ideal (see p. 106). 

o coo woo atm. Effect of temperature on the volume 

Fig. 41.— Isothermals (50° C.) of * g* 8 -— Dalton m 1801 observed 

gases at high pressures. that gases expand by equal increments 

of volume for equal rises of tempera- 
ture; his results were published in 1802. In 1802 Gay-Lussac pub- 
lished a memoir in which he stated that Charles in 1787 had found 
that gases expand equally between 0° and 80°, but did not measure 
the expansion. Gay-Lussac from his own experiments derived the 
law in question, which differs from Dalton’s in the reduction of the 
initial volume to 0°. It is usually known as Charles’s law; a t constant 
pressure all gases expand by , 1/273 of their volume at 0 e V. for a rise in 
temperature of 1° C. 

i 48 
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CHAP V] 

Let f? 0 » volume at 0°, r t ~ volume at £°, under the same pressure, 
then v t = v 0 (l + </273), or v t jv 0 - (273 + £)/273. If v v v 2 are the volumes 
corresponding to two temperatures t x °> t 2 °, them: 

i ^ 2/^1 (273 -P ^ 2 )/ {2T3 -+~ ^i)» 

The value (£+273) is the absolute temperature, f 9 corresponding to t\ 
hence, the volumes of a given mass of gas at constant pressure are pro- 
portional to the Absolute temperatures : v 2 jv 1 = T 2 IT X . If t 2 — -273° C., 
then T 2 = 0, and by substitution in the equation we find v 2 =0. Before 
this temperature is reached on cooling, however, all gases are liquefied. 
The temperature -273° C. is the zero of absolute temperature, or the 
absolute zero. ■•£ 

If the volume of a given mass of gas is keptjppnstant, the pressure in- 
crease for 1° is 1/273 of the pressure at 0°. Tt|W is readily proved from 
Boyle’s and Charles’s laws. Thus p 2 /Pi = Tjwjt. 

If volume and temperature of a given mambf gas change together, 
the equation PiVi/T l ^p t v 2 IT z 0I \ generallyp^/T 2 * * * * 7 ==C07i5te£, can be 
deduced as follows : i,| 

Change from the initial state (p v v v 7\) tp'Me final state (p 2i v 2 , T 2 ) 
in two steps : f 1 

(i) p x to p 2 keejnng 7\ constant. Let v x be dpfoe V. By Boyle’s law : 

v =7V’1/7 J 2- ‘ ; 

(ii) 7\ to T 2 keeping p 2 constant. V changes to v 2 . By Charles’s 
law: v 2 IT 2 ~VIT v Eliminate V PiVilT t -p 2 v 2 IT 2 . 

Charles’s law is not strictly true ; the coefficients of expansion of different 
gases are not quite equal, and differ slightly from 1/273, and the change 
of pressure at constant volume is slightly different from the change of 
volume at constant pressure, for the same rise of temperature. At very 
low pressures, however, the coefficients approach the limiting value 1/273*09. 
For the ideal gas the coefficient of expansion is 1/273*09 = 0*0036618. 

The density of a gas. — The density of a gas or vapour is expressed in 
two ways : 

(1) The normal density (or simply density) of a gas is the weight in 
grams of 1 litre measured at a temperature of 0° C., and under a pressure 
of 760 mm. of mercury at 0° C., at sea-level and latitude 45°. 

The weight of the mercury column in the barometer, and hence the 
pressure, varies slightly with the variation of the acceleration of gravity g 
at different heights above sea-level and at different latitudes, hence in 
accurate work the standard conditions of sea-level and latitude 45° are 
specified, 

(2) The relative density of a gas or vapour is the weight of any volume 

of it divided by the weight of an equal volume of pure hydrogen, under 

the same conditions. Hydrogen is chosen as the standard substance 

because it is the lightest gas known. 

Relative densities so defined are not used in accurate work, since 

different gases and vapours behave somewhat differently towards 
temperature and pressure changes. 
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S tandar d temperature and pressure (or normal temperature and pressure), 
denoted by S.T.P, (or N.T.P.), are 0°€. (273*09° absolute), and the 
pressure of a column of 700 mm. of mercury at 0° C. at sea-level, .and at 
latitude 45°. On account of slight deviations of gases from Boyle's and 
Charles's laws the density in accurate work is determined with the gas 
actually at S.T.P., so that no corrections by the gas laws are necessary. 
With vapours an approximate value of the relative density is usually 
all that is required. 

Determination of gas densities. — The density of a gas is determined 
by weighing an exhausted globe, filling it with the gas, and reweighing. 
The volume of the globe is determined by weighing it filled with water 
(see p. 58). 

The true weight (in vacuum) of the globe is the apparent weight in 
air plus the weight of air displaced by the globe. The weight of air 
displaced depends on the temperature, pressure, and degree of moisture 
of the air, and as these may be different in separate weighings, correc- 
tions of all weights to vacuum is necessary in accurate work. Also, the 
surface of the globe carries a film of moisture condensed upon it from the 
atmosphere (cf. p. 13), which will vary with the moistness of the air. 
To eliminate these difficulties so far as possible, Regnault in 1845 made 



s Fig. 42. — Determination of the density of a gas* 

use of a compensating globe. , The density globe was counterpoised on the 
balance by hanging on the other arm a second globe of as nearly as 
possible identical weight and volume (Fig, 42), so that aH variations of 
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atmospheric conditions affect both globes equally, and corrections are 
eliminated. The small adjustments of weight necessary, corresponding 
with the weights of the gases themselves, are made with ordinary metal 
weights, which are corrected to vacuum in calibration and in any case 
have a negligible displacement. 

A correction required in this method pointed out by Lord Rayleigh (1882) 
is that due to the shrinkage of the globe on evacuation. The globe dis- 
places a little less air when it is vacuous than when it is full of gas, or than 
the compensating globe. The shrinkage is found by pumping out the globe 
in a closed vessel filled with water, and observing the fall of level of the 
water in a communicating graduated tube. With a globe of 2 litres capacity 
the correction to be applied was 0*0006 gm. ojp the weight of hydrogen 
filling the globe, and Regnault’s value of 0*08 96ft for the normal density of 
hydrogen was raised to 0*08988. 


This method was used by Morley (1896) m^a determination of the 
normal densities of hydrogen and oxygen, .'.|V|ery pure hydrogen gas 
was absorbed in metallic palladium contain#! in a glass tube. This 
metal, when heated and then cooled in the gasjtlikes up about 600 times 
its volume of hydrogen, but not gaseous imjM|rities, so that these are 
removed by pumping. On heating the palladii|fi| charged with hydrogen 
to dull redness, pure hydrogen is evolved, and the loss in weight of the 
tube gives the weight of gas. The hydrogen was received in three large 
exhausted glass globes immersed in ice, the total volume of the globes 
being accurately known. The rise in pressure in the globes was deter- 
mined by a mercury manometer. One result is given below. 

Volume of the three globes 43*2574 litres 

„ „ gas space in manometer - - 0*0550 litre 

„ „ connecting tubes - 0*0365 „ 


Total volume of gas 43*3489 litres. 

Temperature 0°. Pressure 725*40 mm. Hg. Loss of weight of palladium 
bulb = weight of hydrogen “3*7164 gm. 

Correction to sea-level and latitude 45°, and length of cathetometer to 
0°^ 1*00044; 

.*. normal density of hydrogen 
3*7164 760 

= 43-3489 X 725-4 X 1 00044 ^°' 089801 ■ 


As a mean result, Morley found : 

normal density of hydrbgen =0*089873 ±0*0000027 gm. per litre 

normal density of oxygen « 1*42900 ±0*000034 gm. per litre. 

In comparing the first figure with the corrected result of Regnault, 
Morley’s must be reduced to the latitude of Paris. His value then be- 
comes 0*089901, differing from Regnault’s, 0*08988, by less than l in 
4000* 

The following table gives the exact values of the normal densities of 
some gases ; 
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Hydrogen 


- 0 08987 

Nitric oxide 

1-3402 

Helium 


- 01785 

Oxygen - 

1-42900 

Methane - 


- 0*7 108 

Hydrogen chloride - 

1-G392 

Ammonia - 


- 0-7708 

Argon 

1*7836 

Neon 


- 0-8999 

Carbon dioxide 

1*9768 

Carbon monoxide 

. 1-2504 

Nitrous oxide - 

1-9777 

Nitrogen - 

- 

- 1-2507 

Sulphur dioxide 

2-9267 

Air - 

- 

- 1-2927 

Chlorine - 

3214 


The relative density of air is 1*2927 -0*08987 - 14-38. Densities of 
gases were previously referred to air = 1 instead of to hydrogen = 1 ; 
these values may be converted by multiplication by 14*38. The com- 
position, and therefore density, of air vary slightly in different localities, 
hence this gas is no longer used as a standard of relative density. 

The law of partial pressures. — Dalton in 1801 found that when two or 
more gases which do not react chemically are mixed in a vessel, the 
pressure exerted by the mixture of gases is the sum of the pressures which 
each gas alone would exert if separately confined inthewholevolumeoceupied 
by the mixture. (The temperature is assumed to be constant). The 
pressures exerted by the separate gases are called their partial pressures, 
and the above statement that the total pressure 
is the sum i of the partial pressures is called the 
tH) law of partial pressures. 

^ Connect two globes, A and B (Fig. 43), of about 

) k 2 and l litres, with each other and a manometer 

( B ) as shown. A contains air and B carbon dioxide. 

Close the stopcocks T 2 and T d and partly evacuate 
A through the cock r L\. Close and establish 
connection with the manometer by opening T 3 . 
Fig. 43.— Experiment on Refl d the difference in mercury levels, and subtract 
partial pressures. from the reading of the barometer to find the pres- 
sure of the air. Let the pressure in A be p k mm., 
and the pressure in B, p D mm. Close T 3 and open T x and 1\. When the 
two gases have mixed open r l\ and read the final pressure, p. Total volume 
= v k -f v B ; partial pressures of the gases in A and B respectively are 

V k Vjj 

Pa . an d p B , theso, by Boyle’s law, being the pressures the 

v A + v B + v B 

separate quantities of gas would exert if each occupied the whole volume 
v k + v B . The sum of the partial pressures is + , and this will be 

+ V B 

found to be very nearly equal to p. 

The law of partial pressures is not strictly exact ; all real gases show 
slight deviations from it. Leduc found that the following law is 
more exact f the volume occupied by a mixture of gases is equal to the sum 
of the volumes which the separate gases would occupy at the same temperature , 
and under the same pressure, as the mixture . This has been verified up 
to 200 atm. pressure. 
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Vapour pressure. — Liquids admitted to vacuous spaces evaporate or 
give off vapour, and when excess of liquid is present the vapour 
reaches a definite pressure, which depends only on the temperature. 
The vapour is then said to be saturated. Dalton’s law of partial 
pressures shows that the vapour pressure of a liquid in a closed vessel 
filled with an indifferent gas will be the same as if the space were 
initially vacuous. If there is not enough liquid present to saturate 
the space, the vapour is unsaturated and the pressure depends on the 
volume. 

Fill two tubes about 78 cm. long, sealed at one end and carefully cleaned 
and dried, with dry .mercury, and invert in two email dishes containing 
mercury. The level of the mercury sinks in each- tube, leaving a vacuous 
space above. Measure the level of mercury in oacjh tube above the surface 
in the dish. f 

By means of small bent pipettes introduce a fe# drops of water into one 
tube, and a few drops of ether into the other. N|ft|ce that the depression 
of the mercury due to the ether is much greater train that caused by the 
water. Measure the lovels and find the vapour fissures at atmospheric 
temperature. Warm the tube containing ether umi the hand and notice 
the further fall of mercury, due to the increase vapour pressure with 
temperature. ' 8 

The vapour pressure of a liquid increases with the temperature. 
This is seen from Fig. 44, which is the vapour pressure curve of water. 
When the vapour pressure becomes 
equal to the total pressure exerted on p 
the ’ surface of the liquid, say by woo \ mm 
the atmosphere, the liquid boils, i 
i.e. vapour is emitted in bubbles 
throughout the whole bulk of the 
liquid. The boiling point is the tem- eoo 
peraturc at which the vapour pres- 
sure of a liquid becomes equal to 
the atmospheric pressure, or other m 
total pressure, acting on the surface. 

Boiling points are usually given for 
a pressure of 760 mm., or 1 standard 
atmosphere. 

If the pressure on. the surface is p IC , 44 -Vapour pressure curve 
reduced, say by connecting a flask of water, 

containing the liquid with a pump, 

the boiling point is lowered. At a pressure of 17*5 mm., water boils 
at 20 °. It is necessary to specify the pressure in giving a boiling point ; 
unless this is done 760 mm. is understood. The above result would be 
expressed as : 20°/17*5 mm. 

The effect of pressure on the boiling point may be shown by boiling water 
in a strong round-bottomed flask, corking the flask, and pouring cold water 
over it. Owing to the condensation of steam in the upper part of the 
flask the pressure is reduced, and the water boils vigorously. 
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Place a thin glass bulb, containing 2 ml. of bromine (Fig. 45) inside a 
500 ml. bottle. Fit to the bottle a rubber stopper, through which pass a 

glass tube, closed at one end, and With the 
other end over the point of the bulb below, 
and a small manometer, Containing mercury. 
Depress the tube so as to fracture the bulb, 
and observe the rise of pressure indicated by 
the manometer. Notice the formation of a 
layer of red bromine vapour in the lower 
part of the bottle. This diffuses upwards 
and the pressure rises as the space becomes 
saturated. 

Solids also have definite vapour pres- 
sures at different temperatures. These 
are usually smaller than those of liquids, 
although solids may, at a given tempera- 
ture, have greater vapour pressures than 
liquids of different composition. The 
vaporisation of solids without previous 
fusion is called sublimation, although this 
name is generally used for the vaporisation of a solid and its conden- 
sation on a cooler part of the apparatus. 

Pass a small piece of camphor into the vacuorte space in a barometer 
tube surrounded above by a hot- water jacket, and notice the fall of the 
mercury. 

Equilibrium. — At a given temperature, liquid (or solid) and vapour 
can exist indefinitely in contact when the vapour pressure is the maxi- 
mum at that temperature, i.e . when the vapour is saturated. The sys- 
tem composed of two phases, liquid and vapour, is then said to be in 
equilibrium. An equilibrium state is one which is independent of time. 
If we represent transition from liquid to vapour by the symbol : 
[Liquid] ->[ Vapour], i.e. evaporation, and transition from vapour to 
liquid by : [Vapour] -> [Liquid], i.e. condensation, the state of equilibrium 
will be represented by [Liquid] ^ [Vapour]. 

The equilibrium between two phases of a pure substance exists at a 
definite pressure, which is independent of the amounts of the two phases 
and depends only on the temperature. 

Moist gases. — In the laboratory, gases are often collected over water, 
and in accurate measurements it is necessary to correct the volume of 
the gas for the water vapour in it. When water evaporates into a dry 
gas at constant pressure the gas will expand. The volume of a given 
mass of gas is therefore greater when it is moist than when it is dry. 

Suppose we have a volume of 100 ml. of moist air, measured over water 
at 15°, and under a total pressure of 760 mm. This total pressure is, by the 
law of partial pressures, the sum of the pressure of the dry air and of the 
vapour pressure of water at 15°, viz., 12-8 mm. The pressure of the dry air 
is therefore 760 - |2*8 = 747*2 mm. If the water vapour were removed by a 



Fia. 45. — Vapour pressure 
of a liquid in a space filled 
with gas. 
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drying agent from the 100 ml. of moist air contained in a closed vessel, the 
j >ressure would therefore fall to 747*2 mm . If we now increased the pressure 
of the dry air to 760 mm., the volume would, by Boyle’s law, become 

747*2 _ 747-2 &73 

100 x — g g - ml., and at 0° this would be 100 x x = 93-2 ml. 


If a mass of gas saturated with moisture at t° under a total pressure of 
P mm. occupies V ml., the volume of dry gas at S.T.P. will be : 


Tr P-p 273 , 

Fx W X 273T« ml ” 


where p is the vapour pressure of water at t°. 

In using this formula we require a table of i 
water at different temperatures. 



Table of Vapour Pressures ofIWater. 


PC. 

p mm. 

P C. 

p mm. 

P C. 

p ! 

| PC. 

p mm. 

0 

4*579 

18 

15-477 

28 

28-3#! 

| 92 

566*99 

5 

6-543 

19 

16-477 

29 

30*0# 

1 93 

588*60 

10 

9-209 

20 

17-535 

30 

31-83R 

94 

610*90 

n , 

9*844 

21 

18-650 

40 

55 32^ 

[ 95 

633*90 

12 

10*518 

22 

19-827 

50 

92-51' 

| 96 

657*62 

13 

11*231 

23 

21-068 

60 

149-38 

97 

682*07 

14 

11*987 

24 

22-377 

70 

233-7 

98 

707*27 

15 

12-788 

25 

23-756 

80 

355-1 

99 

733*24 

16 

13-634 

26 

25-209 

90 

525-76 

100 

760*00 

17 

14*530 

27 

26-739 

91- 

546-05 

110 

1074*6 


Intermediate values in the practically useful ranges 0°-30° and 90°~100° 
may be obtained by logarithmic interpolation. 


Example. — Find the volume, dry and at S.T.P., of 175 ml. of air 
measured over water at 18° and 749 mm. atmospheric pressure. 

F = 175 ; P= 749 mm. ; p — 15-48 mm. (from table) ; t~ 18°. 

. ... 749-15-48 273 K . 

A reqmred Volume = 175 x — x . = 158*5 ml. 

* 760 273 + 18 

The law of partial pressures applied to vapours is not exact ; the vapour 
pressure of a Mquid in a gas is slightly less than in vacuo . It is only at low 
pressures, t.e. at low temperatures, when the vapour pressures are small, 
that the application is justified. This Is very nearly the ease at the ordinary 
atmospheric temperature. 

Density of a moist gas. — Consider 1 litre of moist gas at t* 9 under a 
pressure P mm., anil let p be the partial pressure of aqueous vapour in 
the gap. The volume of the dry gas at S.T.P. will be : 

p-p . 

760 


; litres. 
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Place a thin glass bulb, containing 2 ml. of bromine (Fig. 45) inside a 
500 ml. bottle. Fit to the bottle a rubber stopper, through which pass a 

glass tube, closed at one end, and with the 
other ond over the point of the bulb below, 
and a small manometer, containing mercury. 
Depress the tube so as to fracture the bulb, 
and observe the rise of pressure indicated by 
the manometer. Notice the formation of a 
layer of red bromine vapour in the lower 
part of the bottle. This diffuses upwards 
and the pressure rises as the spaco becomes 
saturated . 

Solids also have definite vapour pres- 
sures at different temperatures. These 
are usually smaller than those of liquids, 
although solids may, at a given tempera- 
ture, have greater vapour pressures than 

Fig « -Vapour prepare of different composition. The 

with gas. vaporisation of solids without previous 

fusion is called sublimation, although this 
name is generally used for the vaporisation of a solid and its conden- 
sation on a cooler part of the apparatus. 

Pass a small piece of camphor into the vacuous space in a barometer 
tube surrounded abovo by a hot- water jacket, and notice the fall of the 
mercury. 

Equilibrium. — At a given temperature, liquid (or solid) and vapour 
can exist indefinitely in contact when the vapour pressure is the maxi- 
mum at that temperature, i.e. when the vapour is saturated. The sys- 
tem composed of two phases, liquid and vapour, is then said to be in 
equilibrium. An equilibrium state is one which is independent of time. 
If we represent transition from liquid to vapour by the symbol : 
[Liquid] -> [Vapour], i.e. evaporation, and transition from vapour to 
liquid by : [Vapour] -> [ Liquid], i.e. condensation, the state of equilibrium 
will be represented by [Liquid] ^ | Vapour], 

The equilibrium between two phases of a pure substance exists at a 
definite pressure, which is independent of the amounts of the two phases 
and depends only on the temperature. 

Moist gases, — In the laboratory, gases arc often collected over water, 
and in accurate measurements it is necessary to correct the volume of 
the gas for the water vapour in it. When water evaporates into a dry 
gas at constant pressure the gas will expand. The volume of a given 
mass of gas is therefore greater when it is moist than when it is dry. 

Suppose we have a volume of 100 ml. of moist air, measured over water 
at 15°, and under a total pressure of 760 mm. This total pressure is, by the 
law of partial pressures, the sum of the pressure of the dry air and of the 
vapour pressure of water at 1 5°, viz., 12*8 mm. The pressure of the dry air 
is therefore 760 - 12-8 = 747*2 mm. If the water vapour were removed by a 
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-trying agent from the J00 ml. of moist air contained in a closed vessel, the 
I treasure would therefore fall to 747 • 2 mtn . If we now increased the pressure 
of the dry air to 760 nun., the volume would, by Boyle’s law, become 

747*2 747*2 273 

100 x ml., and at 0° this would be 100 x x ~ — = 93*2 ml. 

700 760 268 


If a mass of gas saturated with moisture at t° under a total pressure of 
P mm. occupies V ml., the volume of dry gas at S.T.P. will be : 


V 


P-p 273 
X 760 X 273 + 1 


ml., 


where p is the vapour pressure of water at 1°. , * * 

In using this formula we require a table of the vapour pressures of 
water at different temperatures. £ 


Table of Vapour Pressures of Water. 


t ° c. 

p mm. 

t ° C. 

p mm. 

/° c. 

p mmi. 1 

t ° C. 

p mm. 

0 

4*579 

18 

15*477 

28 

28-340? 

92 

566*99 

5 

6*543 

19 

16-477 

29 

30-043 

93 

588*60 

10 

9*209 

20 

17*535 

30 

31-824 

94 

610*90 

11, 

9*844 

21 

18*650 

40 

55 324 

95 

633*90 

12 

10*518 

22 

19*827 

50 

92-51 

96 

657*62 

13 

11*231 

23 

21*068 

60 

149-38 

97 

682*07 

14 

11*987 

24 

22*377 

70 

233-7 

98 

707*27 

15 

12*788 

25 

23*756 

80 

355-1 

99 

733*24 

16 

13*634 

26 

25*209 

90 

525*76 

100 

760*00 

17 

14*530 

27 

26-739 

91" 

546*05 

110 

1074*6 


Intermediate values in the practically useful ranges 0°-30° and 90°-100° 
may bo obtained by logarithmic interpolation. 


Example. — Find the volume, dry and at S.T.P., of 175 ml. of air 
measured over water at 18° and 749 mm. atmospheric pressure. 

V = 175 ; P = 749 mm. ; p — 15*48 mm. (from table) ; t= 18°. 

. a 749 - 15*48 273 . 

required Volume = 175 x — x — - — -- = 158*5 ml. 

1 760 273 + 18 

The law of partial pressures applied to vapours is not exact ; the vapour 
pressure of a liquid in a gas is slightly less than in vacuo. It is only at low 
pressures, i.e. at low temperatures, when the vapour pressures are small, 
that the application is justified. This is very nearly the case at the ordinary 
atmospheric temperature. 

Density of a moist gas. — Consider 1 litre of moist gas at t° , under a 
pressure P mm., and let p be the partial pressure of aqueous vapour in 
the gas. The volume of the dry gas at S.T.P. will be : 

* P-p 273 v . 

760 X 273+f btreS ‘ 
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Let the weight of 1 litre of dry gas at S.T.P. 
dry gas will be : p_ p 2 73 

/>v 7(itf X 273+/ 


. « D gni. 

gm. 


The weight of the 


The volume of water vapour at S.T.P. will be : 


760 


2711 

X 273T/ litr( ' S - 


and since the (hypothetical) weight of 1 litre of aqueous vapour at 
S.T.P. is 0*8038 gin., the weight of vapour in 1 litre of moist gas will be : 


() ' H038x lo x l?f g,n ' 


The total weight of the litre of moist gas will therefore be : 

273 


U 


- D X W X 27^1? + °- 803S X 7(K> X 273 + 1 *"■ 


“ (273f^7«0 {/;(/> ~ P) + 

The calculation applies to air, the appropriate density D being I *2027. 
The equation will also give the density 1) of the dry gas at S.T.P. 
from the density /)' of the moist gas. 


Example.— -F ind the weight of 1 litre of hydrogen, saturated with 
moisture at 15°, and under a pressure of 740 mm. 

Normal density of hydrogen = 0*08987 gni. per litre ; vapour pressure of 
water at 15° - 12-79 mm., hence required weight * 


273 

(273 -f 1 5) 700 


{0*08987(740- 12 79) 1-0*8038'- 12*79} - 0-09431 gm. 


Note that, whereas moist air is lighter than dry air, the reverse is the ease 
with hydrogen. This is because aqueous vapour is lighter than air but 
heavier than hydrogen. 

A similar type of calculation will give the density of any mixture of gases 
when the partial pressures, and the normal densities at S.T.P. , are known. 


Vapour densities. — Since vapours far from their points of lique- 
faction obey approximately the same laws of expansion as gases, the 
normal density may be found by dividing the weight of any volume of 
the vapour measured under the actual temperature and pressure of the 
experiment by the volume in litres corrected to S.T.P. 

If the weight of V c.c. or ml. of vapour at a temperature 1° and under 
a pressure of P mm. is m gm., the normal density is : 

xO-OOl x 2 ^x4j gm./lit. 

The vapour density of a volatile liquid or solid may be determined by 
one or other of the three following methods ; that selected depends on 
the conditions of experiment, e.g. whether a high or low temperature 
or pressure is used. 
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Hofmann’s method. — In this method (A. W. Hofmann, 1868), a wide 
barometer tube, at least 1 metre long and graduated in ml., is sur- 
rounded with a glass jacket through which 
the vapour of a liquid boiling in a separate 
vessel is passed. Uniformity of tempera- 
ture is thus assured. The vapour jacket is 
provided with a side tube near the bottom 
for leading the vapour to the condenser 
(Fig. 46). The liquid is weighed into a 
small bulb (Fig. 47) with a ground stopper, 
which is forced out when the bulb is passed 
into the upper vacuous part of the baro- 
meter tube and the liquid volatilises. The 
bulb must be completely filled with liquid, 
since a bubble of air will expand consider- 
ably in the vacuous space. 

In Hofmann’s method the volume of a 
given weight of vapour is determined. 

When the mercury level is constant, the 
following data are noted : 

(i) The volume of the vapour in ml. = F. 

(ii) The temperature, t° , in the jacket. 

(iii) The pressure of the vapour ; approx- 

imately given by the barometric height 
11 mm., minus the height of mercury in the 
tube above the level in the trough, h mm. ; Fia _ 46._Hofmann’s vapour 
l.€. {11 — h) mm. density apparatus. 

In accurate work, the height nf the heated mercury in the column in the 
tube must be reduced to 0° to correspond with the corrected barometer 
reading, and allowance made for the volume of the bulb and the expansion 
of the scale of the glass tube. The vapour pressure of 
mercury at the temperature of the jacket is also 
subtracted from the pressure of the vapour. 

Let the mass of substance taken be m grams. The 
volume of the vapour of the substance under the 

_ standard conditions is : 

Fig. 47. — Bulb for 

liquid in vapour den- r 273 H ~h 

sity determination. F n F x 0*001 x - - — \ '^T.TT ^* 

Zio + t i t)U 

The normal density is then m/F 0 . 




Example. — 0*338 gm. of carbon tetrachloride gave 109*8 ml. of vapour 
in a Hofmann apparatus, at 99*5°. Barometric height — 746*9 mm. Height 
of mercury in tube above level in trough - 283*4 mm. 


rv „ 273 746*9 - 283*4 

.\ T 0 - 109*8 x 0*001 x — — x — lit. 

0 372*5 760 


normal density of carbon tetrachloride — 0*338 /F 0 = 6*884 gm./lit. 
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The following liquids may be used for the vapour-jacket : the boiling 
points at 760 mm. pressure are stated : 

Water, 100°. Toluidine, 202°. 

Amyl alcohol, 131°-132°. Ethyl benzoate, 212*9° 

Xylene, 140° Amyl benzoate, 262°. 

Aniline, 184*4°. Diphenylamine, 310°. 

Since volatilisation occurs more readily imder reduced pressure, steam 
may ofton be used in the jacket for liquids which boil under full atmos- 
pheric pressure as high as 180°. If the atmospheric pressure during the 
experiment differs appreciably from 760 mm., the boiling point of the 
liquid furnishing vapour to the jacket must be corrected, or a thermometer 
hung in the jacket. 

Dumas’ method. — The method invented by Dumas (1826) is an 
extension of that commonly used for permanent gases, and the mass of 
a given volume of vapour is determined. Since the vapour does not 
come in contact with mercury, the method may be used with sub- 
stances (e.g. bromine) which cannot bo dealt with by Hofmann’s 
method, and it may also, by the use of porcelain globes, be used at 
higher temperatures. It is not so accurate as Hofmann’s method^ and 
as vaporisation is carried out under atmospheric pressure, and the 
temperature of the vapour is higher, it cannot be used for substances 
which readily decompose. 

In Dumas’ method a thin glass bulb (Fig. 48) of about 150-200 ml. 
capacity, with a drawn-out neck, is cleaned, dried, and weighed. By 
warming the bulb, dipping the neck in the 
liquid, and cooling, sufficient liquid is intro- 
duced into the bulb to expel all the air when 
it is volatilised. 

The bulb is held in a wire spring-clip in 
a wooden handle, and immersed in a pot con- 
taining water, oil, or melted paraffin wax, 
heated 30°~40° above the boiling point of the 
liquid, so that the tip of the neck projects 
above the surface of the liquid. Volatilisation 
occurs and the air is expelled from the bulb. 
When the evolution of vapour ceases, the neck 
of the bulb is sealed off, and the temperature 

Fro. 48.-D.Hnas> vapour of th ? bath rcad ona thermometer. The baro- 
density apparatus. metric pressure at the time of sealing is noted. 

Reproduced from Palmer’s Ejc~ The bulb is removed from the bath, cooled, 

{8EK« pk v 8Kal Chemistry , cleaned, and re weighed along with the piece of 
neck sealed off, The neck is scratched with a 
file, and the tip broken off under the surface of previously boiled water. 
The water enters the bulb and, if the experiment has been successful, 
fills it completely. The bulb full of water is weighed. 

Lpt the weight of the bulb in air = w gm. 

weight of the bulb filled with vapour = gm. 

weight of the bulb filled with water gm. : 

The volume of the bulb « m 2 - m mi. ^ I 
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The weight of air filling the bulb at the temperature t, and pressure 
h y when it is weighed full of vapour, will be : 

273 h 

(m 2 -m)xO-(M293x— — x — gm.=4 gm., 

hence the weight of the vacuous bulb in air*=m~A gm., and the 
weight of vapour filling the bulb ~m 1 -(m-A) gm * 

The normal density of the vapour is : 

[m x - (m - A )]-H>001 (m 2 - m) gm./lit. 

In spme cases the weight of vapour may be found by chemical 
methods. E.g . if iodine has been used, the tip of the bulb is broken off 
under potassium iodide solution, which dissolves the iodine, and the 
solution is then titrated with sodium thiosulphate. 

Example, — Weight of bulb filled with air — (35*50 gm. 

Weight of bulb filled with vapour ^66-42 gm. 

Temperature of weighing 15°, barometric pressure 745 mm., temperature 
of bath 248°. * 

Weight of bulb filled with water “462*5 gm. * 

vol. of bulb at 15° = 462*5 - 65*5 * 397 ml. 

Vol. of air filling bulb at S.T.P. = 397 x (745/760) x (273/288) = 369 ml. 

Density of air at S.T.P. — 0*001293 gm./ml. 

369 ml. of air at S.T.P. weigh 0*4760 gm. 

Weight of vacuous bulb - 65*50 - 0*476 — 65 024 gm. 

Weight of vapour filling bulb at 248° and 745 mm. pressure 

= 66*42 - 65*024 = 1 -396 gm. 

Vol. of this vapour at S.T.P. - 397 x (273/521) x (745/760) = 204 ml. 

(The expansion of the bulb on heating is neglected). 

Normal density of vapour = 1 *396/0*204- 6*84 gm./lit. 

The chief drawbacks to Dumas’ method are : (i) the large quantity of 
substance required to displace the air of the bulb ; and (ii) if the substance 
contains impurities of higher boiling point, these come off last and render 
the vapour sealed up impure, the density being too high. 

Deville and Troost (1860) extended Dumas’ method to higher tempera- 
tures by using bulbs of porcelain, heated in the vapours of mercury, 
sulphur, stannous chloride, cadmium, or zinc in an iron bath, and sealing 
off the tip of the bulb with an oxy-hydrogen blowpipe. To find the tem- 
perature of the bulb a companion globe filled with* iodine, the density of 
which had been determined at various temperatures, was placed alongside 
the other bulb. 

Victor Meyer’s method. — In Victor Meyer’s displacement method (1878), 
the volume of air displaced by a known mass of vapour is determined. 
It is more rapidly and easily carried out than the Dumas and Hofmann 

* Strictly speaking, the density of atmospheric air containing some carbon 
dioxide and moisture should be used. According to Kohlrausch it is usually 
sufficient to take, as an average, the density at S.T.P. as 0*001295. 
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methods, requires only a small quantity of the substance, and gives 
quite accurate results. 

A long glass tube with a bulb (Fig. 49) and a side tube is heated in a 
glass (or better, copper) vapour bath at a temperature which must be 
constant and about 30° higher than the boiling 
point of the substance, but need not otherwise be 
known. The side tube delivers into a graduated 
tube filled with water and inverted in a trough of 
water. The long tube is closed by a rubber stopper 
and heated in the bath until no more bubbles of 
air escape ; then the side tube is placed under the 
graduated tube, the stopper at the top of the long 
tube is taken out, and a weighed quantity of the 
liquid in a small stoppered bulb is dropped into 
the heated bulb, the rubber stopper being quickly 
replaced. A little glass-wool or mercury is placed 
in the bottom of the bulb to prevent fracture on 
dropping in the bulb of liquid. 

The substance quickly vaporises and the vapour 
(which does not diJfuse to the top of the narrow 
tube) displaces its own volume of air, whieli is 
collected in the graduated tube. 

When no more bubbles come off, the tube is 
closed with the thumb, transferred to a tall cylinder 
of water, and the water levels art* equalised. The 
volume of air is read off. This volume of air is equal 
to the volume which the vapour would occupy if it 
could be cooled from the temperature of the bulb 
to the atmospheric temperature. 

Let the volume of moist air at the tempera- 
ture t° of the water in the cylinder and under a 
barometric pressure H, be T ml. If the vapour 


Fig. 49. — Victor 
Meyor’s vapour den- 
sity apparatus. 


pressure of water at t° is y mm., the volume of dry air at S.T.P. will be : 


Fn-r 


273 11 


X 213 + 1 X 


7(>0 


ml. 


This * is the volume which the vapour of the given weight of substance 
would occupy at S.T.P. if it could exist under these conditions, so that 
if rn gm. of substance were used ; 

normal density = »</ 0 00 1 V Q gm./lit. 

Example. — 01008 gm. of chloroform expelled iO-O ml. of moist air at 
15° and 770 mm. pressure. Vapour pressure of water at 15°^ 13 mm. 


* The equation holds if the Victor Meyer tube was originally filled with dry 
air. If the partial pressure of water vapour in the air filling the tube at the be- 
ginning of the experiment was /i, the factor (H p) becomes (H -p+h). The 
difference in the result does not usually exceed the experimental error. The small 
volume of air displaced on inserting the rubber stopper is compensated by the 
displaced air which occupies the part of the delivery tube in the trough which 
priginally contained water. " ~ 
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273 770 — 1 3 

volume of dry air at S.T.P. = 20 x ~ x — = 18*9 ml 

288 760 

,\ normal density of chloroform vapour- 0- 1008/0*01 89 -5-33 gm./lit. 

Victor Meyer’s method is not suitable for substances which decom- 
pose on heating, and decompose still further when the pressure is 
reduced phosphorus pentachloride PC1 5 ^PC1 3 + C1 2 ), since, when 
the vapour mixes with air in the bulb, the 
partial pressure of the vapour is reduced to an 
extent which is not known. 

Measurements by Victor Meyer’s method at high 
temperatures were made by Nilson and Pel tersson 
(1889), and by Biltz and Victor Meyer, who used 
a bulb of glazed porcelain, protected by wrapping 
it with thick platinum foil, placed inside a graphite 
crucible heated in a Perrot’s gas furnace. The bulb 
is filled with inert gas (nitrogen, or argon) to prevent 
chemical action, and the substance, weighed out in f 

a glass bulb, is dropped in as usual. Noras t (1903) ! high tomp- 

used' a small iridium bulb (3 ml.), [minted outside eratures. 
with zirconia, and heated electrically to 2000° in a 

small iridium tube-furnace. The substance (a fraction of a milligram) was 
weighed on a micro-balance sensitive to 1 ;2U00 rrigrn., and the displacement 
measured directly by the movement of a drop of mercury in the horizontal 
graduated side tube (Pig. 50). 



Fig. 50.*- Nemst’s 



CHAPTER VI 
SOLUTIONS 

Solutions. — Solid sugar or salt when added to water dissolves and 
forms a homogeneous solution. Liquid alcohol and water mix in all 
proportions to form solutions. It is generally possible, by suitable 
means, to separate the constituents, of solutions, one method being by 
distillation. In this, the solution is heated and the vapour of the 
volatile liquid is condensed by cooling. Non-volatile substances (salt 



Fig. 51. — Distilling apparatus with Liebig’s condenser. 


or sugar) remain in the residual solution, or form a solid residue. This 
method of separation uses differences in vapour pressure of the com- 
ponents of a solution, at the same temperature. 

A simple apparatus for distillation consists of a retort with the neck 
passing into a glass flask or receiver, which is cooled by a stream of cold 
water. If tap-water is distilled in this apparatus, mineral matter 
remains in the retort and distilled water collects in the receiver. 
When larger quantities of a liquid are distilled itiis convenient to 
use a Liebig's condenser (Fig. 51), consisting of a glass tube enclosed 
in a jacket through which a stream of cold water is passed. The 
liquid to be distilled is contained in a distilling flask, with a side tube 
passed through a cork in the condenser. In the neck of the distilling 
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flask a thermometer is supported by a cork, so as to enable the boiling 
point of the liquid to be determined. 

It is also possible by distillation to separate, at least partially, solu- 
tions of liquids in liquids. When a mixture of equal volumes of alcohol 
(b. pt. 78*3°) and water* (b. pt. 100°) is distilled, the boiling point at the 
start is 84°. The liquid collecting in the receiver is richer in alcohol 
than the first mixture, and will burn when lighted in a dish. As dis- 
tillation goes* on the boiling point rises and the distillate becomes richer 
in water. If distillation is stopped when one-fourth of the mixture has 
passed over and the boiling point has risen to 85*5°, and if the distillate 
is poured into a clean flask and the operation repeated, the liquid begins 
to boil at 81-5°, i.e. at a lower temperature than the original mixture, 
and the first part of the distillate is richer in alcohol. This partial 
separation of a solution of liquids by interrupted distillation is known 
as fractional distillation. ‘ , ; 

True solutions are homogeneous (p. 3), and the dissolved substance is 
in an extremely fine state of division. One gm, of*eosin gives a distinct 
fluorescence (p. 4) to 1,000,000 ml. of water whep ^examined in a strong 
light. Each ml. of the solution contains only O*0QO,OO1 gm. of the dye, 
and since a volume of only 10 12 ml. can be exarinped under the micro- 
scope, this can contain only 10 18 gm. of dye. 

Colloidal solutions such as that of arsenic trifculphide (p. 7), pass 
through filter paper and do not settle on standing ; their heterogeneous 
character is shown by the ultra-mi eroscope. Colloidal solutions stand 
between suspensions (separable by filtration) and true solutions (homo- 
geneous even under the ultra-microscope). The radius of the particles 
of dissolved substance in a true solution is of the order of 1()~ 8 cm. 

The substance present in larger amount in a solution, or the one 
which has the same physical state as the solution, is galled the solvent ; 
the other substance is called the dissolved substance or the solute. A 
mixture of alcohol and water may be called a “ solution of alcohol in 
water ” or a “ solution of water in alcohol,” according as water or 
alcohol is in excess, but a very concentrated solution of sugar in water, 
containing more sugar than water, is always called a “ solution of sugar 
in water,” because water has the same physical state as the solution. 

Solutions of gases in liquids. — If a flask and delivery tube are com- 
pletely filled with tap water and the flask heated, bubbles of gas appear, 
which pass out of the delivery tube under water and will be found to be 
mainly air ; such water contains dissolved gas. 

Solids can also dissolve gases ; palladium dissolves hydrogen (p. 51), 
forming a solid solution. Solids may also dissolve solids : if a piece of 
gold-leaf is pressed on a freshly- scraped piece of lead, the gold slowly 
penetrates into the lead, as may be proved by scraping off successive 
layers after a long time and analysing them. 

Solutions of gases in liquids may be studied by the apparatus shown in 
Fig. 52, called an absorptiometer. 

The gas is measured over mercury in the burette A and the volume re- 
duced to 8.T.P. Part of the gas is then passed into the absorption vessel 
C, the volume of liquid, e.g. water previously boiled to expel dissolved air, 
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remaining in contact with tho gas being tho original volume minus the 
volume run out. A and C are connected by a flexible lead tube. The gas 
is shaken with the liquid until the solution is saturated. The pressure is 
.. adjusted by the levelling tube B. The oon- 

Q traction in volume is then read off on the 

A' burette and cor roc tod for the vapour pressure 
| of the liquid, temperature and barometric pres- 

2 [( sure. In accurate experiments tho vessel C 

■* j must, be immersed in a bath of water at con- 

g g stan t temperature. 

§§ ( If tho gas is very soluble (e.g. ammonia, 

B g Ha v' = hydrochloric acid) it is passed into a measured 

g 8 J\. volume of water until the latter is saturated. 

H H 2 s "" The amount of gas dissolved is then found by 

H U 17' chemical analysis. 

f| R C Bunsen’s absorption coefficient ft is the volume 

II V J of gas reduced to S.T.P. which saturates 1 

II l) 1L volume of liquid at a given temperature 

jj 7 p° c with the partial pressure of the gas equal to 

1 atmosphere. 

,, A . . The amount of gas dissolved by a fixed 

rio. 52. — Absorptiometor. . ° , /lx ,, •' , , 

1 volume ot liquid depends on (1 ) the chemical 

composition of the gas and of the liquid, (2) the temperature, (3) the 
pressure. The effect of pressure is giveu by Henry’s law (1803) : the 
amount of gas dissolved by a fixed volume of liquid at a given temperature 
is proportional to the pressure . 

Since the volume of a given amount of gas is inversely proportional 
to the pressure (Boyle’s law) a given volume of liquid dissolves the same 
volume of gas at all pressures . 

Ostwald’s solubility coefficient A is the volume of gas dissolved by 1 
volume of liquid under the conditions of the experiment. 

Let a volume V of liquid dissolve a volume v of gas at p mm. pressure 
and temperature t°. Then A^v/V, Let a be the coefficient of expan- 
sion of the gas, then the volume of gas reduced to S.T.P. is 




According to Henry’s law, the volume of gas, measured at S.T.P., which 
is absorbed under a pressure of 760 min. is 760/p times that absorbed 
under a pressure of p mm., viz. VjOvJp ~vj(\ +od). Bunsen’s absorption 
coefficient is this divided by the volume of liquid V, 

j8*f>/P(l+orf)«A/(l +a t). 

Henry’s law does not apply to very soluble gases, such as ammonia 
at the ordinary temperature, or hydrogen chloride, in water. It does 
not hold accurately for carbon dioxide. At 100° the solubility of 
ammonia (which is then very sm all) follows the law. At higher pressures 
deviations occur ; with more soluble gases , these begin at 2 atm. 
pressure, but with less soluble gases the law holds up to about 10 atm. 
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A few Bunsen's absorption coefficients are given below, in vols. at N.T.P. 
absorbed by 1 vol. of water at the given temperature, under a pressure of 
7(50 mm. of dry gas (except for HC1, for which the total pressure of gas 
and water vapour is 700 mm.). 



0 ; ’ 

10“ 

i.v 

20 

30° | 

. 40° 

50° 

60° 

Ammonia 

1 300 

910 

802 

710 

I 

— 

— 

— 

Hydrochloric 

acid 

500 

474 

458 

442 

411 

380 

302 

330 * 

Carbon dioxide- 

1-713 

1-104 

I -010 

•H7H 

•065 

■53 

■44 

•30 

Oxygen - 

•040 

•038 

•034 

•031 

•026 

*023 

•021 

•0105 

N itroKvn - 

•0230 

•0100 

•0170 

•0101 

•0338 

•0118 

•0106 

•0100 

Hydrogen 

•0215 

•010S 

•0100 

•0184 

•0170^ 



■0104 

•0161 

•0160 


Solubility of a mixture of gases in a liquid* -r~2)alton's extension of 
Henry’s law states that : the amount of any one gas dissolved from a 
mixture of gases is proportional to its partial pressure when the gas has 
come into equilibrium V'ith the liquid . ; * 


Example. — The absorption coefficients of nitrogen, oxygen and argon 
in water at 0 , and the percentages by volume of these gases in dry air free 
from carbon dioxide, are given below. The portial pressures are propor- 
tional to the volume percentages : 


Gas. 

Nitrogen 
Oxygen 
Argon - 


Percentage 
by vol. 

78 

21 

1 


Partial pressure 
(total 1 atm.) 

0-78 

0-21 

001 


Absorption 

coefficient. 

00239 

0-0489 

0-053 


By multiplying the partial pressures by the absorption coefficients, the 
volumes of the three gases dissolved in 1 vol. of water saturated with a 
large volume of air (constant composition) are found to he : 


nitrogen, 0-01804 ; oxygon, 0-01027 ; argon, 0-00053 ; sum, 0-02944. 


When the dissolved gas is expelled by boiling it will have this composi- 
tion, or, expressed in percentages by volume it will contain : 

1 -804 „ „ 1-027 „ „ 0-053 

nitrogen 03-3 ; oxygon - — - 34-9 ; argon — - — 1-8. 

h 0-02944 * 0-02944 0-02944 


The proportions of oxygen and argon have increased, since these gases 
are more soluble than nitrogen in water. By shaking water with an excess 
of this gas, the dissolved part when driven out will bo still further enriched 
in oxygen, and so on. After eight repetitions the gas will contain over 
90 per cent, of oxygen. 

If the partial pressure of a gas above its solution can be reduced to zero, 
all the gas will be expelled. This can usually be done : <(1) by reducing 
the pressure above the solution by an air-pump, (2) by passing a stream 
of indifferent gas through the solution ( e.g . nitrogen through acpieous 
ammonia), or (3) by boiling the solution, when the dissolved gas is 
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driven off with the steam. When the gas and solvent evaporate together 
to form a vapour of the same composition as the solution, the solution 
evaporates as a whole, and no separation occurs (p. 211). 

Solutions of liquids in liquids. — Some liquids, such as water and 
mercury, are practically though probably not absolutely immiscible ; 
others, such as water and sulphuric acid, are completely miscible . In 
some cases, such as ether and water, each liquid dissolves a limited 
amount of the other, and the liquids are partially miscible. Small 
quantities of ether added to water at first dissolve completely. At a 
certain point, the water becomes saturated with ether ; 100 gm. of 
water then dissolve 5-8 gm. of ether at 22°. If more ether is added, a 
lighter layer separates. This is not pure ether, but contains 4*12 gm. 
of water per 100 gm. of ether. On addition of more ether (if the layers 
are shaken together), the composition of each layer remains constant, 
but the lower (aqueous) layer gradually disappears and when it vanishes 
the whole liquid has the composition of the upper layer. Unlimited 
further quantities of ether may now be added without any separation 
of the liquid into layers. 


The two liquid layers may be separated in a separating funnel (Fig. 7) ; 
the presence of ether in the lower layer may be shown by heating it in a 
test-tube, whon the ether vapour given off may bo kindled. The presence 
of water in the upper layer may be shown by dropping a bit of sodium into 
it, when hydrogen is evolved. (Pure ether has no action on sodium.) 

The compositions of liquid layers in equilibrium at 22° is given below. 


Subst. in 1 00 
gm. of water. 

Ether - - - - 5-8 gm. 

Chloroform - - - 0 62 „ 

Carbon disulphide - 0*218 „ 


Water in 100 
gm. of subst. 
4*12 gm. 
0*10 „ 
10*81 „ 


The distribution law. — Iodine when shaken with chloroform and water 
dissolves in each, but the chloroform layer (as is seen from the colour) 
contains most of the iodine. Berthelot* and Jungfleisch (1872) found 
that the weights of dissolved substance per unit volume of each liquid 
are in a constant ratio. This is called the distribution (or partition) law. 

f 

If Cj, c 2 are the concentrations , or weights per unit volume, of the solute in 
the two layers, respectively, then : 

c t lc 2 — const. ~-A\ 

At 25° an aqueous solution of iodine containing 0*0516 gm. per litre is in 
equilibrium with a solution of iodine in carbon tetrachloride containing 
4*412 gm. of iodine per litre. The distribution coefficient is : 

concentration in carbon tetrachloride 4*412 

- *= — &5*«>. 

concentration in water 0*0516 

A saturated solution of iodine in water at 25° contains 0*340 gm. per litre. 
From the distribution coefficient the concentration of a solution of iodine 
in carbon tetrachloride, in equilibrium with a saturated solution in water, 
is found to be 0*340 x 85*5 = 29*1 gm. per litre. 
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Solutions of solids in liquids. — The most important solutions are 
those of solids in liquids. Common salt added in successive small 
amounts to water dissolves up to a certain point ; after this no more 
salt passes into solution, but settles out unchanged. A solution which 
can exist in equilibrium with excess of solute under given conditions (e.g. 
at a fixed temperature) is called a saturated solution. 

The solubility is the weight in grams of solid dissolved by 100 gm. of 
solvent at the given temperature, in presence of the solid salt. In the 
case of salts containing water of crystallisation (p. 180), the solubility 
is the weight of anhydrous salt (i.e. salt free from water) per 100 gm. 
of water in the saturated solution. The solubility depends (1) on the 
chemical characters of solute and solvent, (2) on temperature, and (3) 
to a slight extent on pressure. 

The solubility usually increases with temperature. In a few 
cases, such as sodium chloride, it is nearly independent of tem- 
perature, and in others, such 

as sodium sulphate above 324°, 
it diminishes with rise of tem- 
perature. 130 

Increase of pressure in some 
cases (sodium chloride) produces 120 
a slight increase, and in other 
cases (ammonium chloride) a 
slight decrease, in solubility. 

Decrease of solubility with rise 
of temperature may be shown by 
placing a tube containing calcium 
butyrate solution, saturated at 
the ordinary temperature, in a 
beaker of hot water. In a short 
time crystals of the salt separate. 

They redissolve on cooling. 

The dependence of solubility 
on temperature is represented 
graphically by solubility curves, in 

which abscissae represent tern- 

peratures, and ordinates solu- 10 " 20 " 30 ' 40 ‘ 50 ° eo ° 70 ‘ 80 ‘ w ' 10 °‘ c 

bilities (Fig. 53). The solubility Fig. 53. — Solubility curves, 

always refers to equilibrium of 

the solution with a definite solid phase, e.g. a definite crystal hydrate. 

Supersaturation. — When a saturated solution is cooled, the dissolved 
substance does not always separate from it. The cooled solution then 
contains more solute than corresponds with saturation at the given 
temperature, and is said to be supersaturated. Crystallisation is started 
by throwing a small crystal of solid into the solution. 



Heat on a water-bath 250 gm. of ciystal sodium thiosulphate ( u hypo ”) 
in a flask, the neck of which is plugged with cotton-wool. The salt melts 
and dissolves in its water of crystallisation to form a very concentrated 
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solution. On cooling this remains liquid and supersaturated. Remove 
the plug and drop in a crystal of hypo. The liquid begins to solidify, and 
the mass becomes warm, since heat is evolved. 

Fuse some crystals of hypo in a long test tube, and pour over the liquid 
a supersaturated solution of sodium acetate, prepared by warming the 
crystallised salt with ono-quarter its weight of water in a flask and filtering 
hot. Avoid mixing the liquids. Plug the tube with cotton wool and allow 
to cool. Remove the plug and drop in a crystal of hypo. This falls through 
the acetate solution without inducing crystallisation, but on reaching the 
hypo solution it causes crystallisation of the latter. Now drop in a crystal 
of sodium acetate. The upper liquid crystallises. Supersaturated solutions 
usually crystallise only by contact with the particular solid dissolved in them. 

A supersaturated solution when strongly cooled may crystal 1 iso spon- 
taneously, without contact with solid. 
If a supersaturated solution of hypo 
is cooled in a freezing mixture, it 
crystallises spontanoi uisly. 

Determination of solubility. — The 
solubility of a salt at various tem- 
peratures is determined by stirring 
the powdered solid salt with the 
solvent at the given temperature, 
so that excess of solid is present, 
withdrawing a portion of clear solu- 
tion, weighing it, and then evapora- 
ting in a weighed dish to find the 
weight of solid salt contained in it. 

An excess of powdered salt {e.g.. 
potassium nitrate) is stirred with 
water at a constant temperature until 
the solution is saturated. The solution 
is allowed to settle and a portion with- 
drawn into a JLandolt pipette (Fig. 54) 
by suction, the pipette is taken out. 
Fig. 54. — Determination of solubility wiped, closed with pieces of glass 
of a solid in a liquid. rod an d rubber tubing, cooled and 

""**«*. The solution ami any cry- 
stale are then washed out of the 
pipette and the amount of solute determined either by evaporation in a 
weighed dish or by analysis. 

An approximate solubility curve can be found by the synthesis method . 
A weighed amount of finely-powdered salt {e.g. KN0 3 ) is added to a known 
amount of water in a beaker until a little remains undissolved on stirring. 
The temperature is slowly raised until a mere trace of solid remains. The 
temperature is read. From the known weights of salt and water the solu- 
bility at that temperature is calculated. The temperature is then raised, a 
further weighed portion of salt is added, and the process described is re- 
peated. In this way several points on a solubility curve are determined 
(Partington, School Course of Chemistry , p. 13). 
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In the case of veiy sparingly soluble salts the datf have been obtained 
by Special methods* electrical conductivity (p, 232). 

TABLE OF SOLUBILITIES 


Salt. 


( Potassium iodide 
1 ,* bromide 

[ „ chloride 

Sodium chloride - 
/Calcium chloride (CaCl 2 , 6H 2 0) 
j Strontium chloride (SrCl 2 , 6H 2 0) 
( Barium chloride (BaCl s , 2H a O) 

J Potassium nitrate 
(Sodium nitrate - 


f Barium hydroxide (Ba(OH) 2 , 8H 2 0) 
{ Calcium hydroxide * 

Calcium sulphate (CaS0 4 , 2H a O) - 
Strontium sulphate - 
Barium sulphate * 

Silver chloride 
„ bromide - 

,, iodide - - - - 


0 °. 

ir. 

100 °. 

127-6 ' 

140 

208 

53*5 

625 

104 

27-6 

924 

56-7 

35-7 

35' 9 

39-0 

60 

VO0 ( 30 °) 

137 ( 60 °) 

43 

50 

— 

31-0 

34*4 

58-8 

13-3 

2 *f 

246 

73-0 

8 §f 

178 

1-67 

ff 3 

101 - 4 ( 80 °) 

0-185 

,M 70 

0-077 

0-18 

♦ 

“'J 

CO 

O 

o 

0-260 (60 

— 

• W* 1 ° 3 

— 

— 

If xlO- 

— 


x 10 “ 


— 

1 x 10 -* 

— 

— 

m x io 7 

— 


The freezing points of solutions. — When salt* sugar, or any soluble 
substance is added to water, the freezing point is lowered. The lowering 
of freezing point is approximately proportional to the concentration of the 
solution . 


Sea water freezes at about - 2° Bishop R Watson m 1 771 experimented 
with solutions of salt, exposing them to cold air “ m equal quantities of 
water were dissolved quantities of sea salt, increasing m the arithmetical pro* 
gression, 0, 6, 10, 16, 20, etc , the times m which the solutions began to 
freeze, reckoning from the time in which simple water began, increased 
accurately m the same progression hence it may be inferred, that, in salt 
of the same kind, the resistance to congelation is in the direct simple pro* 
portion of the quantity oUsalt dissolved this conclusion cannot be ex- 
tended to salts of diffei ent kinds, since water saturated with sea salt is 
more difficultly congealed than when saturated with various other salts, 
which it dissolves m greater quantities ” 

Blagden m 1788 also found the lowering of freezing point proportional 
to the concentration, 

* The solid separating when solutions freeze is usually pure ice , the 
solute remaining in the unfrozen liquid. Freezing separates the con- 
stituents of a solution. The solution remaining becomes increasingly 
richer in salt as ice separates, and hence the freezing point falls, 

A limit is reached when so much solvent has frozen opt that the 
amount remaining in the liquid is only just enough to keef> the salt in 
solution. On further cooling, ice and salt steparate together in the same 
ratio as in the solution, and hence the temperature becomes constant, 
and the irj&ole of the solution solidifies without further fall in tempera- 
te r ! * * 
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ture. This minimum temperature was formerly called the ciyohydric 
temperature, and the mechanical mixture of ice aM solid salt separating 
was supposed to be a compound and called a cryohydr&te (Guthrie, 
1875). Later experiments showed, by microscopic examination and 
in other ways, that cryohydrates are mechanical mixtures of ioe and 
salt, and they are now called eutectics, the lowest temperature reached 
on freezing the solution being called the eutectic point. 

Degrees of freedom. — The volume of a given mass of gas depends on 
temperature, and pressure, but if any two of the three variables, 
pressure, volume, and temperature, are fixed, the third takes a definite 
value. Vapours behave similarly so long as no liquefaction occurs. 
The volume of a liquid or solid is fixed at a given temperature and 
pressure. It is convenient to consider the specific volume, or reciprocal 
of the density. The state of any homogeneous phase (gas, liquid, or 
solid) is definite when any two of the three variables, pressure, tempera- 
ture, and specific volume, are fixed. This system of one phase (P = 1 ) 
is, therefore, said to have two degrees of freedom (F = 2), the number of 
degrees of freedom for any system being the smallest number of indepen - 
dent variables defining ike state which must be given definite values before 
this state is completely determined. 

A pure liquid can exist in equilibrium with its vapour only at one 
definite pressure (the vapour pressure) at a fixed temperature. The 
densities and states of both phases (liquid and vapour) are then com- 
pletely determined. If the pressure is increased, some vapour condenses ; 
if the pressure is reduced, some liquid evaporates. In both cases the 
pressure comes back to the equilibrium value. The system of water and 
ice behaves similarly : on increasing the pressure, some ice melts^&nd 
the original pressure is restored. A system of two phases of any*pure 
substance has one degree of freedom (F * 1). 

Ice, liquid water and water vapour coexist only at one temperature and 
one pressure, viz. + 0 0077° and 4-57 imn. : these specify the triple point for 
water, at which three phases coexist {P — 3). In this case there is no degree 
of freedom {F - 0). The same is true for three coexisting phases of any pure 
substance. 

* 

Vapour pressures of solutions. — In the system of two phases of a pure 
substance in equilibrium, there is only one degree of freedom. If a 
little common salt be passed into a barometer tube containing water 
and water vapour, it dissolves in the water, and the vapour pressure 
js slightly lowered. The system of two phases, solution and vapour, in 
equilibrium has two degrees of freedom instead of only one in the case of 
pure water. The liquid phase is no longer a pure substance, but 'a 
solution of variable composition, the vapour pressure of which depends 
on the concentration of dissolved substance, which is an additional 
variable. 

By adding more salt, the vapour pressure falls until the solution is 
*just saturated with salt. The vapour pressure is again constant, since 

S y more salt added remains undissolved. The extra phase, solid salt, 
luces the number of degrees of freedom by one, since the pressure 
now depends on a single variable, temperature. With two components 
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(salt and water) in three phases (P « 3) there is one degree of fKtnetal j 

* wb i 

%o form a system of phases, some or all of which are solutions, or aro 
pure substances not convertible into one another* a limited number of 
substances will be needed from which every phase may be formed. 
The number of components (C) is the least number of substances from 
which every phase in a system in equilibrium can be formed . Each of the 
three phases existing at the triple point of water can be composed of a 
single substance, water ; systems formed from salt and water contain 
phases all of which can be formed of one or both of two components, 
salt and water. 

The phase rule. — Consider the following table, which summarises 
results previously described. C denotes the number of components, 
P the number of phases, and F the number ofdegrees of freedom. 


Equilibria 

Water (liq.) ^ Water (vap.) 

Water (solid) ^ Water (vap.) 

Water (solid) ^ Water (liq.) 

Water (solid) ^ Water (liq.) 

^ Water (vap.) 

Salt (dissd.) Salt (solid) 

Water (in sol.) ^ Water (vap.) 
Water (in sol.) ^ Water (vap.)l 
Salt (dissd.) <=* Salt (solid) / 



P 

2 

2 

2 

3 

2 

2 

3 


F 

1 

1 

1 

0 

2 

2 

1 


In all cases the same simple relation exists between the number of 
phases P, of components C, and of degrees of freedom F, viz,, 

number of phases + number of degrees of freedom = number of components 4- 2 

P+F=C+ 2. 

This relation is general, and applies to all heterogeneous systems in 
equilibrium ; it is called the phase rule and was deduced by J. Willard 
Gibbs in 1876, 

Examples on the phase rule.— The following examples of appli- 
cations of the phase rule are recapitulated. 

i 

1. Pure substance: G~ 1. 

(a) Homogeneous gas, liquid, or solid : P = 1, hence P- 1 + 2 - 1 = 2, 
Temperature and pressure, or temperature and concentration 
(density), or pressure and concentration, must be fixed before, the 
state of equilibrium is defined. / ' t* 

* (6) (Coexisting phases of a pure substance : 0=1. 

(i) Solid ^Liquid, or Solid ^Vapour, or Liquid ^ Vapour, 
P = 2, hence 1 + 2- 2 = 1, i.e. only temperature* or 

. pressure, or one concentration, can be arbitrarily fixed 
before the state of equilibrium is completely defined. 

(ii) Solid ^Liquid ^Vapour, t.e. the triple point. P=3, 
hence P ~ 1 4 2-3 = 0, i.e. no single variable can be changed 
without causing complete disappearance of one pb^ frcin 

_ the system. \ ^ , 4 * 
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ture. say of two components : $-2. * 

te^ <#) >Oap Oaa (disadt). 2, hence P^2 + 2~'2 s4*m> temperature 
v end pressure (or one concentration) only can be flafeed* the 

system Is then m equilibrium Henry’s lew gives a Simple 
proportionality between pressure and eonoentrationr;but this 
holds only approximately 

(b) Solid ** Solid (dissd ) P = 2, hence #-2 + 2 -2^2, f&e 
* solubility depends on temperature and pressure. The effect of 

pressure, which is slight, is predicted by the phase rule. 

(c) Solid ^Solution ^ Vapour of Solvent P-= 3, hence P«2 + 2 - 3 

« 1, ?.e at a given temperature a solution can be in equilibrium 
with solid and vapour only at a definite pressure (the pressure 
of the saturated vapour), and concentration (that of the satu- 
rated solution). 

(d) Liquid I ** Liquid II, two partly miscible liquids, say ether and 

water, existing m two layers m absence of vapour. P~2, hence 
\ 2-2-2, te the composition of each layer is fixed at a 
given temperature and pressure. The influence of pressure is 
small and is wholly eliminated if vapour is present : P-3, hence 
p js 2 + 2 - 3 - \ % i.e the miscibility depends only on the tempera- 
ture. 

The eutectic point, the freezing points of solutions, and the effect of 
adding iodine to two layers of ether and water, may be considered by the 
reader. The phase rule is seen to be at the same time general, simple, and 
capable of wide application. 
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^pounds Containing a metal f 
c atoms OH called hydroxyl, f $ 
i<$8 ’* ; p. ISO). Hydro x-J 
the oxides of calcium 

CHAP T ER VH" * ' earths - 
ACIDS, BASES AND SALtS 

General properties of acids and bases.— One of^he obje uts of chemistry 
is to arrange substances into groups of substg^oes which have cer- 
tain properties in common. Three important|groupc are acids, .bases 
and salts. 


Common acids mot with in the laboratory 
and mtno ; and caustic soda, caustic potash, an 
mon examples of bases. The best known salt m 4 
such as nitre (or saltpetre), Glauber’s salt (sodi|! 
salt {magnesium sulphate) are well known. Soda, j 
examples of alkalis ; all alkalis are bases, but the 
which are not alkalis. 


Iphuric, hydrochloric 
11 a and lime are com- 
mon salt, but others 
lphatd) and Epsom 
sh and ammonia are 
»§tre bases such as lima 


Since acids, alkalis and salts are easily differenti&ted by their common 
properties they were recognised as three groups of substances fairly 
early in the study of chemistry. 

Boyle in his Experimental History of Colours (1664) recognised the 
following general properties of acids : 


(1) They have a sour taste. 

(2) They act as solvents but with varying power on different bodies ; 
the varying strength of acids was recognised by Tachenius in 1666. 

(3) They precipitate sulphur from a solution of liver of sulphur (poly- 

sulphides of potassium). * * 

(4) They turn red many blue vegetable colours (e.g. litmus), the blue 
colour being restored by alkalis. 

(5) They react with alkalis, the characteristic properties of each sub* 
stance disappearing and a neutral salt being formed. 

On the bae&of these, Hoffman (1723) and Black (1755) were able to show 
that carbonic acid is a true acid, though a weak one, 

(6) Cavendish in 1766 showed that hydrogen gas is evolved by the action 

of Sulphuric and hydrochloric acids on zinc, iron and tin. * 


Examples of alkaline substances, vis. slaked lime# plant and wood 
ashes and natron (native sodium carbonate found Jn Egypti^pi ktep) 
were known to the ancients. Pliny mentions the mmffmswn pf alkalis 
by boiling with quicklime as known in Egypt. The ajcfeondsts w^e 
acquainted with ammonium carbonate as spared 

by the distillation of horq and bones or the pqtrefactiUb of 
liter tiie names mMd alia® and caustic alkali were fctrodu<$4 fetolhe 
alkali before wild after treatment with quicklime. 

1 . V # • ' 
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buro. ^htkms, my two ?°^Tthe following were recognised ; 

® p^^($ a Vy when nibbed between the fingers. (This is 
A system 4s tl/ tiie s ^ n -) 

\ proportion^* 1)1 uo colcmr of litmus reddened by acids and turn 

i u \ „ holds onh' 

(\^ Ortt’d f- bo ac ^ s *° ^ orm sa l ts * 

(4)r^v^ 0ilc : TV 1 varieties effervesce with acids, giving off a gas which 
was invent / Black in 1755 and called by him “ fixed air ’* (carbon 

dioxide), Y 

Potash and soda were distinguished from one another by Duhamel in 
1736 and by Mar* jgraf m 1 757. 


' Neutralisations — When solutions of an acid and an alkali are mixed 
in the correct proportions the resulting solution has no acid or alkaline 
character and on evaporation it gives a solid salt. This reaction is 
called neutralisation because the product has neither acid nor alkaline 
properties (Latin, venter, neither). 

Neutralisation is an example of the quantitative aspect of chemistry ; 
acid and alkali react to form a salt in fixed ratios which are not the 
same for different acids and bases. 


The names of acids, bases and salts. — Some acids, e.g . hydrochloric 
acid HC1, do not contain oxygen and the names of their salts end in 4de, 
e.g . sodium chloride (NaCI),* potassium cyanide (KCN). Many acids 
contain oxygen and are called oxyacids, e.g. sulphuric acid H 2 S0 4 and 
nitric acid HN0 3 . All acids contain hydrogen. The terminations -ous 
and 4c are used to distinguish oxyacids containing less or more oxygen 
combined with the same elements, the terminations 4te and - ate being 
used for the corresponding salts : 

Acid. Salt. 

Sulphurous HgSOtj. Sodium sulphite Na 2 S0 3 . 

Sulphuric H 2 S0 4 . Copper sulphate CuS0 4 . 

Nitrous HN0 2 . Potassium nitrite KNO a . 

Nitric HNO,,. Lead nitrate Pb(N0 8 ) 2 . 

Oxides forming acids with water are called acidic oxides, or sometimes 
add anhydrides (Greek, a without, hudor water) .f The acid anhydrides 
are now called by their systematic names, e.g. sulphur dioxide (SO* a ), 
nitrogen pentoxide (N 2 0 5 ), etc. 

Oxide? forming salts and water with acids are called basic oxides. 
i?.p. sodium oxide Na 2 0, and copper oxide CuO : 

Na a 0 +2HC1 =*2NaCl + H 2 0 ; CuO + 2HN0 8 - Cu(N0 8 ) 2 + H 2 0. 

the following sections a knowledge of Chemical formulae and equations is 
assumed ; See Chapter VIIT. * 

n t The distinction between “ anhydride *' and “ anhydrous substance ** (one 
from Water) should be noticed. 
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Some basic oxides form with water compound# containing a metal 
(or radical, c/. below) united with a group of atoms OH called hydroxyl, 
and are therefore called hydroxides (not “ hydrates p. 180). Hydrox- 
ides of sodium and potassium are called alkalis ; the oxides of calcium, 
strontium and barium were formerly called alkaline earths . 

K 2 0 -f H 2 0*2K0H (potassium hydroxide, caustic potash), 

CaO + H 2 0 -Ca(QH) 2 (calcium hydroxide, slaked lime). 

We may suppose that ammonium hydroxide is farmed when ammonia 
gas dissolves in water, since the liquid is alkaline : 

NH 3 +H 2 0 = NH 4 0H (ammonium i^droxide). 

Acidic and basic oxides combine to form salts { 

S0 3 + Na a O = Na 2 S0 4 (sodium su|fpate). 

In the old Dnalistic System of Berzelius salts were rogarded as contain- 
ing the basic and acidic oxides, called “ electromotive ” and “ electro- 
negative '* respectively : sulphate of soda Na 2 0,SG^. This notation still 
has its uses in balancing equations of oxidation reactions, potassium per- 
manganate being written K 2 0,Mn 2 0 7 and potassium dichromate K 2 0,2Cr0 3 , 
ferrous sulphate FeO,S0 3 and ferric sulphate Fe a 0 8 ,^B0 3 . 

Acids and bases react to produce salts and water : 

H^SO, + 2NaOH - Na 2 S0 4 + 2H 2 0. 

The salt Na 2 S0 4 may be regarded as sulphuric acid H 2 S0 4 in which 
two atoms of hydrogen are replaced by two atoms of metal. This 
may take place directly, as when zinc dissolves in dilute sulphuric acid : 

Zn + H 2 S0 4 =ZnS0 4 (zinc sulphate) +H 2 , 

# 

or indirectly when the acid is neutralised by a base. 

Salts are also formed by the action of acids on basic oxides, hydrox- 
ides, and carbonates ; with carbonates gaseous carbon dioxide is 
evolved with effervescence : 

*CuO + H 2 S0 4 - CuS0 4 + H 2 0, 

CaC0 3 + 2HC1 =CaCl 2 + H 2 0+C0 2 . 

Besides acidic and basic oxides , there are neutral oxides (not forming acids 
or bases with water, e.g. nitric oxide NO, and carbon monoxide CO), 
amphotMric oxides (behaving at the same time as weak acids and weak 
bases, e.g, aluminium oxide), peroxides (higher oxides, containing much 
oxygen ; see p. 197), and double oxides (composed of two oxides, e.g. ferro- 
soferric oxide composed of ferrous oxide and ferric oxide : FeO + Fe 3 0 3 » 
Fe,0 4 )- 

Radicals. — Sometimes a group of atoms plays the part of a single atom 
and occurs in a whole series of compounds. The salts formed by th# 



76 INORGANIC CHEMISTRY [OltAF 

combination of amtnonia with acids all contain the group NH 4 , which 
plays the part of a metal and is called ammonium : 

NH 3 + HC1 « NH 4 C1 ammonium chloride, 

2NH a + H 2 S0 4 - (NH 4 ) 2 S0 4 ammonium sulphate. 

An unvarying group of atoms present in a series of closely related com- 
pounds is called a radical ( Latin , radix , a root) . The group OH (hydroxyl) 
in hydroxides, the group S0 4 in sulphuric acid and sulphates, and the 
group N0 3 in nitric acid and nitrates, are radicals.* 

Normal, acid, and basic salts. — When the molecule of an acid contains 
only one atom of hydrogen which can be replaced by a metal it forms 
only one class of salts. A n acid containing in its molecule only one atom 
of hydrogen which can be replaced by a metal or radical to form a salt 
is called a monobasic acid: 

NaOH 4 - HC1 = NaOl + H a O, 

Zn + 2HC1 « ZnCl 2 + H 2 , 

Fc(OH) 3 + 3HC1 - Fed* + 3H a O. 

An acid containing in its molecule two atoms of hydrogen which can be 
replaced by a metal or radical and can form two classes of salts is called 
a dibasic acid. Sulphuric acid H 2 S0 4 is dibasic Either one atom of 
hydrogen can be replaced by a metal (or ammonium) to form an add 
salt or both atoms can be replaced to form a normal salt : 

H£O t +NaOH -NaHS0 4 +H 2 0, 

H 2 S0 4 + 2NaOH - Na 2 S0 4 + 2H 2 0. 

The names sodium hydrogen sulphate, etc., are now generally used 
%istea4 of acid sodium sulphate, etc. The name “ normal ” is never 
used in speaking of salts individually : we say simply “ sodium 
sulphate.”, etc. Sometimes acid salts are called bisulphate , bicarbonate , 
etc., from the old formulae : 

Na 2 0,2S0 a ,H a 0(~2NaHS0 4 ) and Na a O,2CO a ,H a O(«2NaHCO a ). 

A base containing in its molecule one , two , etc., hydroxyl radicals which 
it loses on reaction with an acid to form salts is called a monacid, diacid, 

- etc., base. 

Sodium hydroxide is a monacid base, calcium hydroxide is a diadd 
base : * * 

NaOH + HC1== NaCl + H 2 0, 

Ca(OH) a +2HN0 8 -Ca(N0 8 ) a + 2H 3 0. 

* lb qualitative analysis the constituents of salts, viz, metals and ammonium 
jji^ and acid radicals, are often called '** radicals ” , a mixture of calci um phosphate 
1 " and ammonium sulphate “ contains four radicals ”, The spelling “ radical ” is 
§aow preferred to “ radicle *\ 
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These names are used also for organic bases which combine directly 
(like ammonia) with acids to form salts : 

CH 3 NH 2 + HC1 - CH 3 NH a ,HCi 

methylamine methylamine Hydrochloride 

Basic salts may be regarded From two points of view. Bases contain 
hydroxyl OH, which reacts with the acidic hydrogen of acids to form 
water, and the other atom or radical of the base then forms a salt with 
the radical of the acid. When a base contains more than one hydroxyl 
group a salt may be formed which still contain^ one or more hydroxyl 
groups of the base : ' 

Pb(OH) 2 + HC1 - Pb(OH)Cl ^H 2 0. 

We call Pb(OH)Cl lead hydroxychloride or baAi lead chloride. Basic 
salts rarely have simple formulae such as this, and it is usual to regard 
them as compounds of normal salts with the base or basic- oxide. 
Thus the common basic lead chloride is PbCl a ,7J%0* and a basic copper 

carbonate is 0u00 3 , Cu(OH) 2 . ’j { 

4 11 

LIME AND THE ALKAllS 

Black’s researches on the alkalis. — The chemical nature of chalk and 
lime and of the alkalis was largely explained by the classical researches 
of Joseph Black (1754-6). In his time three alkalis were known, each 
in two forms, a mild and a caustic (obtained by boiling with lime) : 

(1) Mild vegetable alkali (potassium carbonate K 2 CO s ) obtained from 
plant ashes ; caustic vegetable alkali (potassium hydroxide KOH). 

(2) Mild marine (or mineral) alkali (sodium carbonate Na 2 CO s ) obtained 
from ashes of plants growing on the sea shore (deep-sea weeds contain the 
vegetable alkali) ; caustic marine alkali (sodium hydroxide NaOH). t 

(3) Mild volatile alkali, containing ammonium carbonate (NH 4 LCO 3 , 
obtained by the distillation of bones, from put relied urine or from sal 
ammoniac ; caustic volatile alkali (ammonium hydroxide NH 4 OH, described 
by Boyle in 1675). 

Limestone, chalk and marble are varieties of calcium carbonate 
CaC0 3 , On strong heating (“ burning ”*) it forms quicklime which is 
strongly basic and is appreciably soluble in water to form an alkaline 
solution (lime water). 

Before Black’s work it was thought that limestone on burning took 
up a principle of causticity M from the fire, becoming quicklime, and 1 
that this principle was transferred* to a mild alkali on boiling with 
quicklime, thus rendering the alkali caustic. 

Black (who worked chiefly with magnesia) found that When limestone 
is heated there is a loss of weight, and a gas which he called “ fixed air ” 

* “ Burning ” is not a very accurate description of the preparation of lime, 
since combustion of tho limestone does net take place, but it is the correct technical 
name for the process. 
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(C0 2 , overlooked in the old theory) is evolved. The residue is quick - 
^ me : (1) limestone ~ quicklime + fixed air. 

If the quicklime is slaked and boiled with a solution of mild alkali, the 
alkali becomes caustic and the quicklime is converted into the original 
weight of limestone : 

v (2) quicklime + mild alkali = limestone + caustic alkali. 

If we add equation (1 ) to equation (2) we find : 

(3) mild alkali = caustic alkali + fixed air. 

So far from quicklime and caustic alkalis being compounds of lime- 
stone and mild alkalis with some caustic principle, they are seen to be 
simpler than the mild forms, and the mild forms part with fixed air in 
producing the caustic forms. Hence, according to Black, the corrosive- 
ness of quicklime and caustic alkali is an essential property of the pure 
earth and the pure alkali, respectively, and is not due to any separate 
principle of causticity. Black also remarked that : 

“ when we mix an acid with an alkali | i.e. a mild alkali |, or with an absorbent 
earth [limestone or chalk], [fixed] air is set at liberty and breaks out with 
violence ; because the alkaline body attracts it more weakly than it does 
the acid, and because the acid and air cannot both be joined to the same 
body at the same time.” 

f When the solution of limestone in (acid is mixed with mild alkali the 
original weight of limestone is precipitated. In this case no fixed air is 
evolved from the mild alkali although the latter forms a salt with the 
acid. This is because the fixed air is transferred to the lime with the 
formation of limestone. The theory of caustifi cation is thus stated by 
Black : 

“If quicklime be mixed with a dissolved alkali, it likewise shows an attrac- 
tion for fixed air, superior to that of the alkali. It robs this salt of its air, 
and thereby becomes mild itself ; while the alkali is consequently rendered 
more corrosive, or disco vors its natural degree of acrimony, or strong 
attraction for water ; which attraction was less perceivable, as long as it 
was saturated with air. Anil the volatile alkali [ammonium carbonate], 
when deprived of its air, besides this attraction for various bodies, dis- 
covers likewise its natural degree of volatility |as ammonia gas], which was 
formerly somewhat repressed, by the [fixed] air adhering to it, in the same 
manner as it is repressed by the addition of an acid.” 

The action of heat on marble. — The evolution of “ fixed air ” on 
heating limestone (or marble) may be shown by the following experi- 
ment. 

Some powdered marble is strongly heated in a hard glass tube and a slow 
stream of heated air is drawn by an aspirator over the marble, then bub- 
t bling through lime water in a test-tube (Fig. 55). The lime water becomes 
milky. This is a characteristic property of carbon dioxide, hence marble 
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on heating decomposes into quicklime and carbon dioxide. (Since the 
pressure of carbon dioxide over heated marble does not reach atmospheric 
pressure below a bright red heat, it is necessary to sweep away the gas by a 
current of air). The residue in the tube, on cooling, will turn moist red 
litmus paper blue* 



The action of acid on marble. — The weight $£? carbon dioxide given 
off from chalk or marble on treatment with aoi<| ljiay be found with the 


apparatus shown in Fig. 56. 


The flask is fitted with a tube tightly packed with cotton wool to keep 
back spray ; the test-tube inside contains 1 gm. of marble and the flask 
contains 20 ml. of concentrated hydrochloric acid 
diluted with its own volume of water. The tube 
containing the marble is supported by a piece of 
fine thread passing outside as shown, and the 
apparatus is weighed. 

The rubber stopper is loosened and the tube con- 
taining the marble allowed to drop into the acid. 

The stopper is then quickly and tightly replaced. 

The marble is allowed to dissolve in the acid. 

Since the, flask is now filled with carbon dioxide 
which is heavier than air, this gas must be dis- 
placed by aspirating a slow stream of air through 
the tube fitted with the clip, which was previously 
kept closed. The clip is again closed and the appar- 
atus weighed. The loss in weight represents the 
carbon dioxide evolved from 1 gm. of marble. 

One gram of marble should give 0-44 gm. of car- 
bon dioxide. Fig. 56.— Decomposition 

of marble by acid. 

: The action of quicklime on mild alkali.— The 

reaction in the caustiflcation of mild alkali (washing soda) by quicklime 
is shown in the following experiments. 

(1) Apiece of pure, quicklime (from marble) is weighed and is slaked with 
water in a porcelain dish. The thin paste is boiled for some time with an 
excess of washing soda solution. The liquid is diluted with hot distilled 
water and filtered through a weighed filter paper (the dopcehtrated solution 
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disintegrates filter paper), the precipitate being well washed with hot 
water. It is then dried and weighed. 

The powder on the filter paper is an artificial marble or limestone, which 
will effervesce with acid. One gram of limestone should be obtained from 
0*56 gm. of quicklime, and 1 gm. of marble has been found to contain 044 
gm. of carbon dioxide. But 0-56 044- 1 00, hence the marble contains 
Only quicklime and carbon dioxide. 

(2) 'An excess of slaked lime is boiled with a solution of washing soda 
(best in an iron pan). The cloar solution when decanted is fopnd to have 
become caustic* (soapy feel ; action on rod litmus ; no, or only slight, 
effervescence with acid). On evaporation in a dish a fused mass of caustic 
soda may be obtained and, as Black found : 

“ having once evaporated a part of the . . . loy in a bowl of English earthen 
or stone ware, and melted the caustic with a gentle boat, it corroded and 
dissolved a part of the bowl, and left the inside of it pitted with small holes,” 
A silver dish should bo used, lie says, but an iron one, e.g. a sand bath, i£* 
fairly satisfactory. 

The action of mild alkali on “ lime salt — When a known weight of 
marble is dissolved in hydrochloric acid, carbon dioxide is evolved with 
effervescence. The solution formed gives on evaporation a deliquescent 
salt called calcium chloride, and the same “ lime salt ” is produced from 
quicklime and hydrochloric acid but in this case no gas is evolved. By 
mixing the calcium chloride solution with washing soda, a white 
precipitate is formed which when filtered, washed and dried, is found to 
be limestone. The weight of this should equal the weight of marble 
originally taken. The filtrate from the limestone precipitate when 
evaporated gives common salt, and this is also produced by the action 
of hydrochloric acid on either washing soda or caustic soda. 

The reactions in Black’s experiments can be represented by the 
following equations : 

1. Preparation of quicklime (calcium oxide) from limestone (oateium 

carbonate) : OaCO, - CaO + CO,. 

2. Slaking of lime : 

CaO 4 H 8 0 = Ca(0H) 2 (calcium hydroxide). 

3. Caustification of mild alkali (sodium carbonate) : 

Na 2 C0 3 + Ca(0H) 2 -CaC0 3 + 2NaOH (sodium hydroxide). 

4. Action of acid on limestone or mild alkali ; 

CaOO a + 2H01 “CaCl 2 (calcium chloride) + 00 8 4-H 8 0. 

Na*CO* + 2HC1 = 2NaCI (sodium chloride) + CO* + H 8 0. 

5. Precipitation of lime salt (calcium chloride) by mild alkali : 

CaCl* + Na 2 CO s ~ CaC0 3 + 2NaCl. # 

An important feature of Black’s work which was mentioned on p. 12 
was the use he made of quantitative experiments. He was not the first 
to use the balance in chemical experiments, since Boyle had done this, 
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but Black's method drew the attention of chemists to the need for 
quantitative experiments, and Lavoisier (who knew Black’s work well, 
and was much influenced by it) was able to make great progress in 
chemistry by his constant use of the balance: When Lavoisier proved, 
for example, that a metal gains in weight when it is converted into a 
calx, and an equal weight of air disappears, it could no longer be said 
that the change is due to the escape of phlogiston (p. 32)., Before this, 
Black had shown that when limestone is converted into quicklime on 
heating, its weight decreases, so that it cannot gain a fiery matter in 
becoming caustic but must lose something, which Black showed was a 
peculiar gas, fixed air. 



CHAPTER VIII 


THE LAWS OF CHEMICAL COMBINATION AND THE 
ATOMIC THEORY 

It was seen in Chapters II— IV that progress was made when chemical 
changes were studied quantitatively , and as a result of such experiments 
five general laws were discovered. These are ; 

(1) The Law of Conservation of Mass. 

(2) The Law of Constant Proportions, or the Law of Definite Proportions, 

(3) The Law of Multiple Proportions. 

(4) The Law of Reciprocal Proportions, or the Law of Equivalent Proportions. 

(5) Die Law of Gaseous Volumes. 

The first was discussed in Chapter TI, and the Law of Gaseous 
Volumes will be studied in Chapter IX. The explanation of these laws 
is given by the Atomic and Molecular Theories, but the laws themselves 
are purely experimental and independent of theory. 

The law of constant proportions.— -This law was stated by Proust in 
1 797 : elements combine i n definite ratios by weighty so that the composition 
of a pure chemical compound is independent of the way in tvhich it is 
prepared . 

“ We must,” says Proust in 17911 and 1806, “ recognise an invisible 
hand which holds the balance in the formation of compounds ... a 
compound is a substance to which Nature assigns fixed ratios, it is, in 
short, a being which Nature* never creates otherwise than balance in 
hand, pondere et mensurd." 

Berthollet, a contemporary and acquaintance of Lavoisier, said in 
his Chemical Statics (1803) that the composition of a compound was 
variable and depended on its mode of preparation. He relied on the 
following experimental evidence : * 

1. A metal such as lead when heated in air, absorbs oxygen in con- 
tinuously increasing amounts up to a fixed maximum, corresponding with 
the formation of red lead. 

2. A salt of a soluble acid and an insoluble base, such as sulphate of 
copper, may be precipitated with increasing amounts of a soluble base, 
such as potash, to fonn a continuous series of basic salts, in which thg pro- 
portion of acid continuously decreases. 

3. When mercury dissolves in nitric acid, it unites with quantities of 
oxygen varying continuously from a minimum, when it forms mercurous 

4 salts, to a maximum, when it forms mercuric salts. 

82 
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4. Solutions of sulphuric acid, salts, alcohol, etc., metallic alloys, 
amalgams, and glasses, can have very variable compositions. 

Proust met these objections by experiments : 

(1 ) The supposed continuous sories of metallic oxides are mixtures of two 
(or a small number) of oxides, each of definite composition. The oxides of 
tin obtained by calcining the metal in air are all mechanical mixtures of 
two definite oxides (possibly with some unchanged metal), 

1. Stannous oxide. 2. Stannic oxide. 

Tin - - - 87 78-4 

Oxygen - 13 21-6 

(2) The basic salts of copper of variable composition are mixtures of 
definite basic salts with hydrated oxide of copper* 

(3) Mercury dissolving in nitric acid forms only two salts : mercurous 
nitrate with excess of metal and cold dilute nitric acid, and mercuric 
nitrate from the metal and excess of concentrated nitric acid. The other 
supposed salts are mixtures of these. 

Berth ollet had to recognise that substances of definite composi- 
tion could very often be formed, but he regarded these as exceptional. 
In them, the proportions of the elements gave the compound which was 
least soluble, or most volatile, or densest. Thus, “ it so happens that 
salts separate out by crystallisation in the neutral state, because in the 
neutral state the insolubility is greatest.” 

The fourth class mentioned by Berthollet gave Proust a good deal of 
trouble. He replied by pointing out the difference between a pure 
substance and a solution. He says : 

“ Is the power which makes a metal dissolve in sulphur different from 
that which makes one sulphide dissolve in another? I shall be in no hurry 
to answer this question, legitimate though it be, for fear of losing myself in 
a region not sufficiently lighted up by the facts of science ; but my dis- 
tinctions will, I hope, bo appreciated all the same when I say : The attrac- 
tion which causes sugar to dissolve in water may or may not be the same as 
that which makes a fixed quantity of carbon and of hydrogen dissolve in 
another quantity of oxygen to form the sugar of plants, but what we do 
clearly perceive is that these two kinds of attraction are so different in their 
results that it is impossible to confound them.” 

In fact, the matter is not simple ; alloys are sometimes mixtures of 
the metals, each of which has crystallised out separately on cooling ; 
sometimes they are homogeneous solutions ; sometimes they contain 
definite compounds, and sometimes all of these states. Only the 
application of the Phase Rule has made it possible to decide to which 
class a particular alloy belongs. Proust was wise in refusing to be in a 
hurry to answer this question. 

The exactness of the law of constant proportions seemed to be 
proved by experiments of Stas (1805). Marignac (1860) had sug- 
gested that very slight differences might occur in the composition of 
compounds made in different ways, but Stas's works seemed to show 
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that shell differences do not exceed 1 part in 100,000, within the limits 
of experimental error. 

Isomerism and allotropy. — The law of constant proportions states 
that a definite compound has a fixed chemical composition. The con- 
verse is not always true : the same elements may combine in the 
same proportions to form two or more different substances, each v ith 
characteristic properties. This is known as isomerism, and different 
substances of the same composition are called isomers. Chemical com- 
position alone does not uniquoly determine a pure substance. 

Red mercuric iodide changes at 126° into a yellow form of identical 
composition. This remains yellow on cooling, but changes into the red 
form when rubbed. 

An element may exist in various forms, which are called allotropic 
modifications, or allotropes. Allotropy is one form of isomerism. (The 
name allotropy is now frequently applied to compounds in different 
physical states, such as the two forms of mercuric iodide, as well as to 
forms of elements). Examples of allotropy are the forms of sulphur 
(p. 450), phosphorus (p. 568), and carbon (p. 593). 

Isotopes. — Soddy and Hyman in 1914 found that specimens of lead 
chloride, prepared respectively from thorium and uranium minerals 
containing lead, differ in composition by 1 part in 225. This was con- 
firmed by Richards and Lembert (1914). There are different varieties 
of lead, which combine in different proportions with chlorine. The 
different varieties of an element, which have different combining pro- 
portions, are called isotopes. 

Some results giving the weights of different specimens of lead from 
minerals, which combine with 70-92 parts of chlorine, are given below. The 
first three minerals are all varieties of pitchblende, uranium minerals free 
from thorium ; the last two are thorium minerals containing also some 
uranium. The value for ordinary lead is 207-2. * 


{ East African pitchblende - - - , - - • 206-05 

Broggerite - 206-06 

Cleveite 206*08 

/Thorianite (containing also 26-8 per cent, uranium) - - 206*83 

l Thorite (30-1 per cent, thorium ; 0-45 per cent, uranium) - 207*90 


It will be explained later that many ordinary elements are mixtures of 
; isotopes. -Since (1) these mixtures are usually inseparable by ordinary 
chemical means, and (2) all specimens of the element usually contain the 
; isotopes in the same ratios, the element behaves in chemical changes as a 
single substance. It is only by special methods that isotopes can be 
separated, although in one or two cases, as in the varieties of lead, different 
* natural specimens have different combining weights. Ordinary chlorine 
is a mixture of two isotppes, sodium is a single element, yet all specimens 
of common salt so far examined have been identical in composition, the 
isotopes of chlorine in them being always present in the same ratio. 

The law of multiple proportions. — As a result of some theoretical 
speculations, John Dalton about 1803 concluded that: when two 
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dements combine to form more than one compound , the weights of one 
element which unite with identical weights of the other are in the ratio of 
tchole numbers , usually small . 

Although Proust knew of different oxides and sulphides of tin, copper, 
and iron, his analyses were not accurate enough to show any simple 
relation between the weights of oxygen or sulphur combined with 
identical weights of metal. In the two oxides of tin (p. 83), the weights 
of tin combining with 100 parts of oxygen are in the ratio 1 : 1*87. 
According to Dalton, the ratio should be exactly 1 : 2. Dalton’s analyses 
were no more exact than Proust’s, but those made later by Berzelius 
proved the accuracy of the law. 

Dalton, by mixing 100 vols. of air with 30 vols. pf nitric oxide over wator 
in a narrow tube (5 in. x 0*3 in), obtained a residue of 80 vols. of nitrogen, 
after all the oxygen of the air had combined with the nitric oxide to form 
red fumes, which were absorbed by the w ater. But if the experiment was 
performed in a wide cylinder, 72 vols., i.e. 30 > 2 vols. of nitric acid could 
be added, 80 vols. of nitrogen again remaining. 'Thus, “ . . . oxygen can 
combine with a certain portion of nitrous gas, or! "With twice that portion, 
but with no intermediate quantity.” 


Analyses of two oxides of carbon by Desorines, and of two hydrides 
of carbon by Dalton (1804), also confirmed the law : 




Carbon monoxide. 


Carbon dioxide. 

Carbon 

- 

- 44 

28- n 

( 44 

Oxygen 

- 

- 56 

71*9 / 

° r ll 12-6 = 66x2-01 



Marsh gas. 


Olefiant gas. * 

Carbon 

- 

43 


4*3 

, Hydrogen . 

- 

o 


1 


A striking example of the law of multiple proportions is given by the 
five oxides of nitrogen. The w eights of oxygen combined with 100 pails 
of nitrogen in these are as follows : 


57 114 171 228 285 

If all these numbers are divided by the least, 57, we obtain the series : 

1 2 3 4 5 

showing *that the weights of oxygen combining w ith identical weights, 
100 parts, of nitrogen to form the five compounds arc in the simple 
ratios 1 : 2 : 3 : 4 : 5. 

Weigh out two portions of 6-35 gm. of iodine. Add one in small quantities 
at a time to 10 jpn. of mercury in a small mortar, triturating the contents 
after each addition of iodine. The mixture is converted into a green powder 
(mercurous iodide). To this add a further 6*35 gm. of iodine and triturate. 
A reddish’^yellow powder (mercuric iodide) is formed. In mercuric iodide the 
same weight of mercury is combined with twice the amount of iodine con- 
tained in mercurous iodide. 
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Wrap 0-1 gm. of bicarbonate of potash in tissue pa-per and pass it to the 
top of a eudiometer filled with mercury, the upper part* containing 1 ml. of 
concentrated hydrochloric acid. Carbon dioxide is evolved. Heat gently 
O’ 2 gm. of bicarbonate in a crucible for a few minutes : it loses some carbon 
dioxide, forming carbonate of potash. With acid, this evolves the same 
volume of gas as the 0*1 gm. of bicarbonate. Hence the bicarbonate, on 
heating, loses exactly half its carbon dioxide in forming the carbonate. 

The last experiment is due to Wollaston (1808) ; Thomas Thomson 
(1808) showed that oxalic acid reacts with potash in two proportions, 
producing a neutral and an acid salt, and the acid oxalate requires, for 
identical weights of potash, exactly twice as much acid as the neutral 
salt. Wollaston discovered a third oxalate and found the weights of 
oxalic acid to be in the ratios 1 : 2 : 4. The law of multiple proportions 
applies not only to elements, but also to compounds which interact 
chemically. 

The exactness of the law was illustrated by Stas (1849). Carbon di- 
oxide was prepared by passing oxygen over a weighed amount of pure 
charcoal, diamond, or graphite, heated in a tube, and the gas was 
absorbed in tubes containing potassium hydroxide. Carbon monoxide 
was also oxidised to dioxide by passing it over red-hot copper oxide : 

carbon monoxide + copper oxide = carbon dioxide + copper. 

One hundred parts of carbon dioxide contained 27-278 parts of carbon. 
The weight of carbon monoxide giving 100 parts of carbon dioxide was 
63-640. Hence, 100 parts of carbon dioxide are produced from : 

63-640 parts of carbon monoxide and 100 - 63-640— 36-360 parts of 
oxygen ; 

27*278 parts of carbon and J00 - 27*278 -- 72-722 parts of oxygen. 

Again, 63*640 parts of carbon monoxide contain 27-278 parts of carbon 
and 63*640 - 27*278 - 36-362 parts of oxygon. Thus 27*278 parts of carbon 
are combined in carbon monoxide with 36*362 parts of oxygon, and in 
carbon dioxide with 72*722 parts of oxygen. But 36*362:72*722 — 

1 : 1*99995, which differs from the exact ratio 1 : 2 by only ! part in 40,000. 

The law of equivalent proportions. — In 1766 Cavendish called a given 
weight of potash the equivalent of a (different) weight of lime when both 
neutralise identical weights of an acid. In 1788 he showed that the 
quantities of nitric and sulphuric acids which neutralise two identical 
weights of potash also decompose two identical weights of marble, 
different from those of the potash. This was the first clear recognition 
of equivalent weights of substances. In some experiments which he did 
not publish, Cavendish weighed out equivalent weights of salts, dis- 
solved them in equal volumes of water, and compared the electrical 
conductivities of the solutions. 

Experiments on the compositions of salts and the proportions in which 
they interact chemically, were made by C. F. Wenzel, and published in his 
Lehre von der V erwandtschaft der Korper (Theory of the Affinity of Bodies ), 
Dresden, 1777. Berzelius, apparently by an oversight, said that Wenzel 
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discovered the law of equivalents. This is not confirmed by an examination 
of the book, which is written in an involved and obscure style. 

tt In one experiment Wenzel discusses the reaction between silver chloride 
and mercury sulphide, producing silver sulphide and mercuric chloride. 
From his analyses of the four compounds he concluded that the silver of the 
silver chloride would not be sufficient to combine with all the sulphur of the 
mercuric sulphide. Tl\e inference is that the excess of sulphur remains un- 
combined. In other cases, Wenzel ac tually refers to uncombinod residues 
from double decompositions, and suggests that they be used up by 
adding other substances. 

The generalisation of Cavendish’s experiments is due to J. B. Richter 
in his Stoichiometry , 1792-4. His reasoning is obscured by attempts to 
find mathematical relationships where Nature has not provided any ; 
it was clearly stated in the German translation by E. G. Fischer of 
Berth ollet/s Researches on the Laws of Affinity (1802). In this a table 
of equivalent weights of acids and bases appears, part of which is given 
below. 


Bases . 


Acida. 


Alumina - 

- 525 

Fluoric 

- 427 

Ammonia 

672 

( ’arbonic - 

- 577 

Lime 

- 793 

Muriatic - , 

- 712 

Soda 

859 

Oxalic 

- 755 

Potash - 

- 1605 

Sulphuric 

- 1000 

Baryta - 

- 2222 

Nitric 

- 1404 


“ The meaning of this table,” said Fischer, kk is that, if a substance is 
taken from one of the two columns, say potash from the first, to which 
corresponds the number 1005, the numbers in the other column indicate 
the quantity of each acid necessary to neutralise these 1605 parts of potash. 
There will in this case be required 712 parts of muriatic [hydrochloric] acid, 
577 parts of carbonic acid, etc. If a substance is taken from the second 
column, tho first column is to be used to ascertain how much of an earth or 
of an alkali is required to neutralise it.” 

This table of twelve numbers gives by addition in pairs the composi- 
tion of thirty -six salts. By analysis of six salts, say those corresponding 
with the horizontal lines, the compositions of t he other thirty may be 
calculated. 

Richter’s result is a special case of the law of equivalent proportions: 
the weights of two {or more) substances which separately react chemically 
with identical weights of a third are also the weights which react with each 
other , or are related to them in the ratio of whole numbers , usually small . 

An important case of the law is that which applies to the combination 
of elements. The equivalent weights of the elements are fundamental 
values, since the equivalent weights of compounds are formed additively 
from those of their elements. 

In forming a table of equivalents, the equivalent of a standard element 
must be chosen ; Dalton took hydrogen as 1 (since its equivalent is the 
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smallest of all), Berzelius took oxygen « 100. When hydrogen *1, tjhe 
equivalent of oxygen is not quite 8 (see p. 190) ; at present the standard 
is oxygen ==-8, when the accurate value for hydrogen is 1*008. 


1*008 parts of hydrogen 
combine with : 

8 or 16 of oxygon 
35*5 of chlorine 
80 of bromine 
127 of iodine 
16 of sulphur 
20 of calcium 
23 of sodium 
63 of copper 

35*5 parts of chlorine 
combine with : 

12 of magnesium 
20 of calcium 
23 of sodium 
32*5 of zinc 
18*66 or 28 of iron 
29*75 or 59*5 of tin 
31*5 or 63 of copper 
100 or 200 of mercury 


1 *008 parts of hydrogen 
are displaced by : 

9 of aluminium 
12 of magnesium 
20 of calcium 
23 of sodium 
28 of iron 
32*5 of zinc 
59*5 of tin 
63 of copper 


8 parts of oxygen 
combine with ; 

35*5 of chlorine 
12 of magnesium 
20 of calcium 
23 of sodium 
18*66 or 28 of iron 
31*5 or 63 of copper 
29 75 or 59*5 of tin 
100 or 200 of mercury 


Weights of metals displacing 
one another from corn pounds ; 

1 2 of magnesium 
20 of calcium 
28 of iron 
31*5 of copper 
32*5 of zinc 
59*5 of tin 

100 or 200 of mercury 
107*9 of silver 


The figures in this table agree with the law of equivalent proportions 
and show the weights of various elements which combine together or 
displace one another from compounds. These are called combining 
weights or equivalent weights or (usually) equivalents. In some cases an 
element has more than one equivalent but these are always in a whole 
number ratio ; in the cases of oxygen, copper, tin and mercury this is 
1:2; in the oast* of iron it is 2 : 3. 

The determination of equivalents. — Equivalents are determined 
experimentally in various ways. 

(1) The weight of an element combining with or displacing 1*008 parte 
of hydrogen is found. This applies to metals which dissolve in acids or 
alkalis with evolution of hydrogen, the volume of which is measured. 

(2) The weight of a motal displaced from a solution of one of its gaits 
by the equivalent of another metal in class (1) is found. Thus, the 
equivalent of zinc is found by measurement of the hydrogen evolved by 
zinc from an acid, and the equivalent of coppor is found by weighing 
the copper displaced by a known weight of zinc from a solution of copper 
sulphate. 

(3) The weight of an element combining with 8*00 parts of oxygen is 
found ; combination may take place directly, as when magnesium is heated 
in air or oxygen, or indirectly as when tin or copper is treated with nitric 
acid, and the product heated to redness. If an oxygen compound is de- 
composed on heating, e.g. mercuric oxide or potassium chloral the weight 
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of oxygen liberated is found, and the equivalent of mercury or of potassium 
chloride can be calculated. - 

(4) The equivalent of silver is found by converting a known weight of 
.silver into silver chloride by heating in a current of chlorine, and calculating 
the weight of silver combining with 35 5 parts of chlorine. A known 
weight of silver is dissolved in nitric acid and the weight of a chloride of an 
element * e.g. potassium chloride, which just completely precipitates the 
silver nitrate solution as silver chloride is found. The equivalent of 
potassium chloride is the amount which just precipitates the equivalent 
of silver from the silver nitrate solution. 

• (5) A given weight of one compound, composed of elements of known 

equivalents may be converted into another compound, containing the 
element of which the equivalent is desired. Thus, potassium chloride is 
converted into potassium nitrate by repeated evaporation with nitric acid. 
From the known equivalent of potassium chloride, the equivalent of 
potassium nitrate is calculated. 

An apparatus for the determination of the equivalent of a metal by 
method (I) is shown in Fig. 57. A suitable weight c^T the metal is put into 
the small tube which is supported in 
the flask containing the acid or alkali 
solution by a thread pinched by the 
rubber stopper. The apparatus is fitted 
together, the bottle being filled with 
water. The metal is brought into the 
liquid by loosening the stopper for a 
moment, when hydrogen is evolved 
and displaces water from the bottle 
into the measuring cylinder when t he 
clip is opened. When action ceases 
and the flask has cooled to room tem- 
perature, the volume of water in the 
cylinder is read off after equalising the Fj(s 57 ._ Apparatus for determina- 
levels. The gas volume is reduced to tion of equivalents, 

ml. at S.T.P. and when multiplied by 

0*00009 gives the weight of hydrogen displaced by the weight of metal 
taken. The weight of metal displacing 1 *008 gm. of hydrogen is the equiva- 
lent. Zinc, magnesium, iron and calcium may be dissolved in cold dilute 
sulphuric or hydrochloric acid, tin in hot concentrated hydrochloric acid, 
and aluminium in a mixture of equal volumes of concentrated hydrochloric 
acid and water or in warm dilute sodium hydroxide solution. 

Exact determination of equivalents. — The equivalents of some im- 
portant elements were accurately determined by the Belgian chemist 
Jean Servais Stas (1813-1891), whose numbers were accepted for a long 
time as tjie best values. 

Stas began with an analysis of potassium chlorate, which on heating 
gives off oxygen and leaves potassium chloride. He found that 127-2125 
gm. of potassium chlorate gave on heating 77*4023 gm. of potassium 
chloridei h^ioe the oxygen given pff weighed 49*8102 gm. Potassium 
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chlorate is known to contain 6 equivalents of oxygen, hence the equivalent 
of potassium chloride, x , is given by : 

6x8:# = 49*8102 : 77*4023 ; .‘.#=*74-59. 

14*427 gin. of potassium chloride gave on precipitation with silver nitrate 
solution 27 -732 gm. of silver chloride, hence the equivalent of silver chloride 
is given by 74.59 . 14.427 : 27-732 ; # = 143-37. 

101*519 gin. of pure silver when heated in a current, of chlorine gave 
134-861 gm. of silver chloride, so that the equivalent of silver is given by 

143-37 : .r ~ 134-861 : 101*519 ; # = 107-93. 

Hence the equivalent of chlorine is 143*37 - 107-93 = 35-44, and the 
equivalent of potassium is 74-59 - 35-44 39-15. 

In 1895 Morley determined the combining ratio of hydrogen and 
oxygen and found 1 : 7-9395 ; Scott (1893) and Burt and Edgar (1916) 
found l : 7*938. The equivalent of chlorine was determined with re- 
ference to hydrogen by Dixon and Edgar (1905) and Edgar (1908) by 
burning hydrogen and chlorine together, and by Gray and Burt (1909) 
from the density of hydrogen chloride gas, and the decomposition of the 
latter by heated aluminium with liberation of hydrogen. The equiva- 
lent of chlorine so found, 35-187 (H = l) referred to oxygen = 8*000, is 

thus ’ 35-187 x 8-000 -r 7-938 = 35-458, 

which differs from Stas’s figure by as much as 1 in 1500. 

The modern equivalents of most of the important elements are based 
on the equivalents of silver, chlorine or bromine. Oxygen appears in 
few direct ratios and practically no oxides are suitable for exact analysis. 
The oxides of metals cannot usually be obtained sufficiently pure * Of 
the fundamental secondary standards, bromine forms a most unstable 
oxide, the oxides of chlorine are explosive and difficult to prepare in a 
state of purity, and pure silver oxide cannot be obtained. On the 
oxygen standard Stas’s value for nitrogen was involved as an inter- 
mediate link in the ratio silver / silver nitrate. 

To find the combining weight of nitrogen, Stas dissolved a known 
weight of pure silver in nitric acid, evaporated the solution to dryness, 
and weighed the silver nitrate. He found the ratio silver /stiver 
nitrate^ 100 : 157-484, and from the equivalent 107-93 of silver he cah 
ciliated the combining weight of nitrogen as 14-05. Gas densities and 
analyses of gaseous oxides or nitrogen, however, showed that the value 
was lower, viz. 1 4-008. T. W. Richards found that Stas’s silver, distilled 
in a lime retort with the oxyhydrogen blowpipe, contained a little 
oxygen. Richards prepared his silver by reducing recrystallised silver 
nitrate and fused it in hydrogen. 

* It is commonly stated that “ hydrogen combines with only a few elements ” 
and that “ oxygen compounds are more suitable for analysis than hydrogen 
compounds ”. Neither of those statements is correct in the light of modem 
knowledge. K 
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Richards profited by the improved laboratory facilities which had 
become available since Stas’s time, particularly in purifying materials, 
especially the silver ; he used platinum or quartz vessels, electric 
heating, and a centrifuge for separating solids from liquids. Richards 
also invented two important new devices, the bottling apparatus and 
the nephelometer. 

(1) The bottling apparatus (Fig. 58) is a hard glass or quartz tube A fitted 
by a ground joint to a soft glass tube B with a pocket C . A platinum boat 



Flo. 58. — Bottling apparatus* 


containing the substance was put into A , <1 le weighing bottle into B and the 
stopper S in G. The boat was heated in a current of a gas. After cooling, the 
gas was displaced by dry air and the boat pushed into the weighing bottle, 
after which the stopper was similarly inserted. The bottle was then trans- 
ferred to the balance. Honigschmid 's apparatus is similar, but the boat and 
stoppor are moved by the action of a magnet on a bulb containing iron. 

(2) The nephelometer (Greek nephele, a cloud) determined traces of 
sjiaringly soluble substances such as silver chloride 
dissolved in the washings. In this case excess of 
silver nitrate was added, when (owing to the 
common ion effect, p. 312) a small amount of 
silver chloride was precipitated from the solution 
and an opalescence developed, which was com- 
pared with a standard in the nephelometer. This 
consists (Fig. 59) of two test-tubes containing 
the liquids and inclined in an inverted V, partly 
screened from bright light by two shutters, one 
moving over a scale. If the shade over the 
standard covered half the tube when the same 
appearance was seen from above, viewed through 
two flat prisms, then a new r standard about half 
as concentrated was put in, and a new comparison 
made. In this way the amount of suspended sub- 
stance was accurately determined and a suitable Fig. 59. — Nephelometer. 
correction applied. 

Richards and Forbes (1905) redetermined the ratio silver jsilver nitrate by 
Stas’s method, finding 100: 157-479. With various assumed values for 
silver the corresponding combining weights of nitrogen were calculated as : 

Silver - - 107-93 107-89 107-88 

Nitrogen - - 14-037 14-014 14-008 

Since accurate physico-chemical methods (limiting densities, etc.) had given 
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the value nitrogen = 14*008, silver must be taken as 107*88 to agree with 
this. 

Hdnigschmid (1927) found the same value for the ratio silver /silver 
nitrate by the dry reduction of silver nitrate to metallic silver. Hdnig- 
schmid and Sachtleben (1929) first referred silver independently to oxygen 
by (i) converting a known weight of pure barium perchlorate into chloride 
by heating in hydrogen chloride gas, thus finding the ratio barium chloride j 
oxygen (the solids were weighed in vacuum to avoid errors duo to adsorbed 
gas), (ii) precipitating the barium chloride as silver chloride and so finding 
the ratio barium chloride j silver chloride. From the two ratios they calculated 
the equivalent of silver as 107-880. This value us now accurately known, 
and since in the majority of eases equivalents are determined relative to 
silver as a secondary standard, this is very important. 


THE ATOMIC THEORY 

The law of conservation of mass, the law of constant proportions, the 
law of multiple proportions, and the law of equivalents were first ex- 
plained on the basis of the atomic theory by John Dalton in 1803.* 
The atomic theory supposes matter to be composed of very small 
indivisible particles called atoms, from the Greek meaning “ something 
which cannot be cut Leukippos and Demokritos, the Greek philoso- 
phers, about 450 b.c. made use of the atomic theory in a rudimentary 
and qualitative form. 

Dalton’s atomic theory asserts that : 

(1) The chemical elements are composed of very minute particles 
of matter called atoms, which remain undivided in all chemical 
changes. 

The atom is the, smallest jnass of an element which can take part in a 
chemical change . 

(2) Each kind of atom has a definite weight. Different elements have 
atoms differing in weight. 

4^3) Atoms combine in simple numerical ratios, e.g. 1 atom A -f I atom 
B ; 1 atom A +2 atoms B ; 2 atoms A +] atom B ; 2 atoms A +3* 
atoms B, etc. 

These simple assumptions will explain the laws of chemical combina- 
tion. 

In the first place, atoms are indestructible in chemical changes, so 
that we see the necessity of the law of conservation of mass. 

In the modern atomic theory (see Chapter XXIII ) an atom is assumed to 
contain a very small positively charged nucleus, surrounded by negatively 

♦ See Alembic Club Reprint No. 2. The story that Dalton was led to the atomic 
theory from results of his analyses of methane and ethylene, giving a multiple 
ratio of 1 : 2 for carbon combined with identical weights of hydrogen, has long 
beeh known to be incorrect. The true origin of the theory is sketched in Parting- 
ton’s A Short History of Chemistry , p. 174, 
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charged electrons so that the atom as a whole is neutral. The atomic 
nuclei, which contain all but a small part of the mass of the atom, enter and 
leave chemical changes unaffected, but some of the outer electrons are 
removed or redistributed. This part of Dalton’s theory is, therefore, 
essentially retained. 

The smallest particle of a compound, called a “ compound atom ” 
by Dalton, is now called a molecule. He assumed that the molecules of 



John Dalton (17G6-1844). 


a compound are all alike, formed of fixed numbers of atoms of its 
elements, and that all atoms of the same element are identical in all 
respects, particularly in weight or mass. This explains the law of 
constant proportions . 

Dalton’s assumption has been modiflod by the discovery of isotopes, and 
can no longer be maintained. One element, e.g. chlorine, may have atoms 
differing in mass, and the atoms of such an element ore not necessarily all 
the same, since the ordinary element may be a mixture of isotopes. It is 
not the mass of its atom, the atomic weight, which characterises an element ; , 
modem theory teaches that this part is played by the positive charge on 
the nucleus of the atom, the so-called atomic number (p. 393). AH isotopes 
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have the same atomic number, although they may have different atomic 
masses. The “ element lead ” is any one of the several isotopes of lead, or 
mixtures of any or all of them in any proportions. 

If two elements combine in more than one ratio, the molecules of the 
compounds must contain whole numbers of atoms of the elements : 
m atoms A atoms B, and x atoms A + ?/ atoms B. The numbers of 
atoms of B combined w r ith one atom of A are n/m and y/x, in the ratio 
nxjmy , i.e. in the ratio of whole numbers ; hence the weights of B com- 
bining with identical weights of A are in the ratio of whole numbers. 
This is the Law of Multiple Proportions. 

Compounds of the elements A and C must be formed according to 
the scheme : m atoms A + n atoms C . Compounds of the elements B 
and C must be composed of : x atoms B + y atoms 0. Compounds of 
the elements A and B must contain : p atoms A +q atoms B. But x , 
y , m, ft, p , q are whole numbers, usually small. Hence p , q are either 
the same as m, x, or whole multiples of them, usually small. This is the 

Law of Equivalent Proportions. 

Atomic weights. — The absolute weights of atoms are very small and 
Dalton attempted to find only the relative weights, taking the weight of 
the lightest atom, that of hydrogen, as unity. The atomic weight of an 
element was then the number giving the ratio of the weight of an atom 
of that element to the weight of an atom of hydrogen. Dalton’s original 
atomic theory provided no means of determining even the relative 
weights of atoms. Although 8 parts of oxygen combine with 1 part of 
hydrogen, we do not know how many atoms of each element the molecule 
of water contains. If it contains 1 atom of each element (as Dalton 
supposed), the atomic weight of oxygen is 8, but if it contains 2 atoms 
of hydrogen to I atom of oxygen, as the volume ratio of the combining 
gases would suggest, the atomic weight of oxygen is 2 x 8 = 16. 

The existence of three isotopes of masses 16, 17, and 18, in ordinary 
oxygen makes the “ chemical ” atomic weights, determined with respect 
to 0= 16*000, really about 2 parts in 10,000 smaller than those determined 
(say by the mass spectrograph) by “ physical ” methods, which are referrod 
to the isotope 1(i O - 16*000 (Aston, J. Chern . Soc. y 1932, p. 2890). 

If the absolute weight (or mass) of any one atom is determined, those 
of all the others are found by simple multiplication of this by the ratios 
of the atomic weights. In recent years the mass of the hydrogen atom has 
been found by several different methods to be 1*66 x 10~ 24 gm. Thus, 
1 ml. of hydrogen, at S.T.P., weighing 0 00009 gm., contains 54 x 10 19 
atoms. The weight of the uranium atom (atomic weight 236). is 
236 x 1*66 x 10- 24 -3*92 x 10“ 22 gm. 

Chemical nomenclature and notation. — The method of naming 
chemical substances is chemical nomenclature ; their representation by 
symbols is chemical notation. J 

The nomenclature of the alchemists was empirical. The same substance 
had a variety of names, depending on its mode of preparation, and names 
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were often based on accidental resemblances. Thus butter of antimony was 
classed with ordinary butter, and oil of vitriol (sulphuric acid) with olive oil. 

A scientific nomenclature began with Macquer and Baum6, who classed 
together the glassy, crystalline substances : t vhite vitriol (zinc sulphate), green 
< vitriol (ferrous sulphate), and blue vitriol (copper sulphate). Bergman’s 
system of nomenclature (1782) indicated the basic and acidic constituents 
of salts. E.g. salts of potash or the vegetable alkali, were named vegetabile 
vitriolatum (potassium sulphate), vegetabile nitratum (potassium nitrate). 

The modern chemical nomenclature had its origin in a treatise 
(MMhode d'une Nomenclature chimique , 1787) drawn up by Lavoisier, 
Berthollet, Guyton de Morveau, and Fourcroy, in order to make the 
antiphlogistic doctrines less dependent on names which had arisen 
during the phlogistic period. 

Some elements (copper, gold, tin, sulphur) retain their old names ; 
newly discovered metals have names ending in -urn and non metals in 
-on (except deuterium). 

Dalton used circular symbols for atoms : 

(7) hydrogen ||| carbon (Q copper olefiant gas 

Q oxygen (J) sulphur (£) lead marsh gas 

0 nitrogen 0 phosphorus 00 water •O carbonic oxide 

(T)(J) ammonia 0©0 carbonic acid 

The present chemical notation is an extension by Berzelius (1 813) of a 
system used by Thomson ( 1802 ) ; it replaced Dalton’s symbols by the 
initial letter, or the initial and one other letter, of the Latinised name of 
the element. A list of symbols is given inside the front cover. The 
symbol has a quantitative significance, and represents one atom or one 
atomic weight of the element. 0 represents 10 parts by weight of 
oxygen ; Cl 35*5 parts by weight of chlorine, etc. This is the most 
important feature of the system of chemical notation. 

The names of compounds indicate their composition. In names of 
compounds of two elements, the name of the more electropositive (p. 
374) element comes first, followed by the name of the other element 
suitably contracted and with the termination -ide. The order in which 
the elements are taken in forming the names should be as follows : 

Metals. 

Carbon. 

Nitrogen, phosphorus, arsenic. 

Hydrogen. 

Sulphur, selenium, tellurium. 

Halogens (fluorine, chlorine, bromine, iodine). 

Oxygen. 

The formulae of compounds are made up by writing the symbols of 
the elements together, with a small numerical suffix to indicate how 
many atoms of each element are present in a molecule of compound, 
unity being always understood. 
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/Since two elements may combine in more than one ratip, this is 
represented, by suffixes added to the Latin names, or by prefixes : * 


Cu 2 0, cuprous oxide 
CuO, cupric oxide 


| Suffixes. 


S0 2 . sulphur dioxide 
SO a , sulphur trioxide 


I 


Prefixes. 


The suffix -ous denotes the lower , and -ic the higher , proportion of 
oxygen, chlorine, etc. In a series of oxides, the one containing the 
highest proportion of oxygen is sometimes called a peroxide, but it has 
been proposed to restrict this name to a special class of oxides, giving 
hydrogen peroxide (H 2 0 2 ) with acids, such as Na 2 0 2 , Ba0 2 , The name 
peroxide is used rather loosely. 

A chemical change is represented by an equation, which indicates 
how many molecules of the initial substances interact to produce the 
specified number of molecules of the products. The numbers of atoms 
of every element must be the same on both sides of the equation, that is, 
the equation must be balanced. 

Valency.— The ratio of the atomic weight to the equivalent is equal 
to the valency of an element . 


Valency — 


Atomic Weight 
Equivalent 


The valency of oxygen is 16/8 = 2 ; that of copper is 63/31*5=2 in 
the cupric compounds, and 63T>3 = 1 in the cuprous compounds. 

The valency of hydrogen is 1 , since the atomic weight is equal to the 
equivalent. If E is the equivalent, A the atomic weight, and n the 
valency of an element, A =nE. Since 1 atom of hydrogen combines 
with a weight E> it follows that n atoms of hydrogen will combine with 
a weight A, hence this number n is equal to the valency. 


Hydrogen compounds are known m which one atom of an element is 
combined with one, two, three, or four atoms of hydrogen : t 

HC1 H 2 0 H 3 N H 4 C* 

Hydrochloric acid Water. Ammonia Methane. 


The atoms of chlorine, oxygen, nitrogen, and carbon can unite with 
one, two, three, and four atoms of hydrogen, respectively. None of 
these compounds of hydrogen contains more than one atom of an 
element combined with one atom of hydrogen,* and the latter is taken 
as the standard of combining capacity or valency. The valency of an 
element is measured by the number of hydrogen atoms which unite with one 
cti&M of that element. The elements chlorine, oxygen, nitrogen, and car* 
bon are univalent, bivalent, tervalent, and quadrivalent respectively.’)* 

* The only case in which 1 atom of hydrogen combines with more than 1 atom 
df another element is hydrazoic acid HN, m which the azide group is 

univalent. r 

tThe hybrid names mono e/?-, tri- f tetra- and penta -valent are often used 
instead of the more correct wm-, quwln - and guinque -valent. Elements 

with "valencies of 6, t and S are called sex ivalent, septavalent, and octovuUm t* 
respectively. In this book the convenient abbieviatione 2> 3*. 4-. 6-, fr* and 
8-valent will be used. f 
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Since chlorine is univalent it may be used instead of hydrogen in 
determining the valencies of elements, which are the sarpe as those 
referred to hydrogen, but quinquevalent element^ are now included : 


Ci a O C1 3 N CJ 4 C » C1 6 P 

Chlorine Nitrogen Carbon Phosphorus 

monoxide. trichloride totraehlonde. pentachioride. 


Oxygen is bivalent and if it combines with one atom of another 
element the latter (e.g. calcium in calcium oxide CaO) is also bivalent 
and will combine with two atoms of hydrogen (CaH 2 ) or chlorine (CaCl 2 ). 
In oxygen compounds the additional valencies 6, 7 and 8 appear, the 
highest valency known being 8 : 


Na a O 

CaO 

A1A 

CO, 

Sodium 

Calc mm 

Aluminium 

Carbon 

monoxide. 

oxido. 

oxide. 

dioxide. 

* m 

so 3 

C1 2 0 7 

0s0 4 

Phosphorus 

Sulphur 

Clilonne 

Osmium 

pentoxide 

trioxide 

hoptoxide. 

tetroxide. 


Sulphur is 6- valent, chlorine is 7 -valent and osmium is 8-valent in 
their highest oxides. 

The valency of an element is often represented by a roman numeral : 
pv SVI Oivu Os vm . 


An element may have a variable valency either in its compounds with 
the same element, or in its compounds with different elements : 


PC1 3 (3) 


PCl fi (5) 


S0 2 (4) PH 3 (3) SI!.* (2) 

S0 3 (6) P 2 0 5 (5) SF e (t>) 

Structural formulae. — We may form a picture of the combination of 
atoms by assuming that each atom has one or more bonds, shown by 
straight lines drawn from the symbol of the atom, each bond represent- 
ing one valency : 

~C1= 

In chemical combination these bonds unite in pairs. In writing the 
formulae of the compounds, the pairs of bonds are contracted to single 
bonds : N H H 

Ns/ t 

I H — c — H 


H- 


— O— 


-N- 


x 




H— H H— O — H 


H 


H 


Higher valencies of elements. — The elements chlorine, sulphur and 
phosphorus show valencies of one, two and .three in simple compounds 
with hydrogen : 


H— Cl H— S— H H— P— H 
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In the oxy-acids of these elements the atoms show higher valencies. 
The formula of chloric acid, for example is written : 

y> 

H — O — 

^0 


in which chlorine is 5- valent , and the formula of perchloric acid is : 

//° 

H — O — Cl" 0 
' O 


in which chlorine is 7-valent. A similar formula is assumed for potas- 
sium permanganate ,* in which manganese, which is bivalent in simple 
compounds such as MnCl a and MnS0 4 , is now 7-valent : 

/° 

K — O— Mn 0 


The formulae of sulphur dioxide and trioxide may be written so as to 
make sulphur 4- valent and 6- valent, respectively, and sulphur may be 
supposed to have these valencies in sulphurous and sulphuric acids : 


H — O 
H — O 


>s=o 


H “°'\ /° 
H — O / '^ O 


In phosphoric acid the phosphorus may be regarded as 5- valent : 
H — O v CK 

H — O— 7 P=-() Compare CJ-^P--0. 

H — Q/ CK 


Saturated and unsaturated compounds. — Since in methane CH 4 all 
the valencies of the carbon are, united with hydrogen, chlorine can 
react only by turning out the hydrogen (as hydrochloric acid) and 
taking its place — a so-called substitution reaction (p. 607). Four com- 
pounds are produced : 

CH 4 + Cl 2 - HC1 + CH 3 C1 methyl chloride 
CH 3 C1+C1 2 = HC1 f CH 2 C1 2 methylene dichloride 
CH 2 C1 2 + Cl 2 - HC1 + CHC1 3 chloroform 
CHC1 3 + Cl 2 = HC1 + CC1 4 carbon tetrachloride. 


H 

Cl 

01 

1 

Cl 

l 

Cl 

1 

| 

H — 0 — H 

1 

| 

H — C — H 

1 

1 

H — C — Cl 

1 

1 

Cl— 0—C1 

Cl — C — Cl 

1 

1 

H 

H . 

1 

H 

H 

1 

Cl 


In some cases two or more valencies of an atom of an element can 


*The salt actually consists of two separate iom, K+ and MiK)*"*, but the 
^Valency of Mn in the ion is 7. 
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unite with a corresponding number of valencies of an atom of the same 
element : 



H H 

1 1 


1 . Ethane 

i 1 

H — C — C — H 

1 1 

H H 

H H 

1 1 

single bond, or linkage, between 
carbon atoms. 

2. Ethylene 

1 1 

C =C 

1 1 

H H 

double bond, or linkage, between 
carbon atoms. 

3. Acetylene 

H — C=~C — H 

triple bond, or linkage, between 
carbon atoms. 

Such bonds are 
HCjCH. 

often represented 

by dots H*(>CH 3 , H 2 C:CH 2 and 


Molecules of compounds with multiple bonds are unsaturated, i.e. can 
add on other atoms to form saturated compounds which react only by 
substitution : 

HC;CH +H 2 -H 2 C:CH 2 
H 2 C:CH 2 + H 2 - H 3 OCH 3 . 

Valencies of radicals. — The idea of valency may be extended to 
radicals. Molecules such as 0 2 , H 2 0 and C0 2 , in which the valencies of 
the elements are balanced, are called saturated. Radicals are parts of 
saturated molecules ; they possess valency, and do not ordinarily occur 
in the free state. Water may be regarded as a compound of the hydro- 
gen atom with the hydroxyl radical, H — OH, hence the radical OH is 
univalent. Sodium in sodium hydroxide, Na — OH, is also univalent. 

An inspection of the formulae of the common acids : * 

nitric 1 sulphuric sulphurous carbonic phosphoric 

hno 3 h 2 so 4 h 2 so 3 h 2 co 3 h s po 4 

shows that the valencies of the acid radicals are as shown below, each 
valency being denoted by a stroke : 

nitrate sulphate sulphite carbonate phosphate radicals 

— N0 3 ==S0 4 -SO 3 -CO 3 ehP0 4 

uni* bi- bi- bi- ter- valent. 

Valencies of the elements. — The elements may be classified into 
groups according to their valencies. The inert gases (helium, argon, 
etc.) and the radioactive emanations do not combine with any other 
elements and are zero-valent. The other elements have the following 
valencies. ^ The same element may appear in more than one group, 
since its valency may vary. 
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I. Univalent elements: hydrogen, -dialog^, alkali metals, popper in 
cuprous compounds (CnCl, Cu 2 0), silver, gold rft ^jiCl and Au 2 0. 

TI. Bivalent elements : oxygen, sulphur in il 2 S, $nd a large number of 
metals, e,g. alkaiino-earth metals (Oa, Sr, Ba), magnesium, rinse, cadmium, 
mercury, tin in stannous compounds (KnCl^SnO), lead ip plumbous com- 
pounds (PbCl 2 ,PbO), iron in ferrous compounds (Fe01 8 ,FeQ), manganese in 
manganous compounds (JVlnn 2 ,JVlnO), chromium in chromous compounds 
(CrCl a ,CrO), etc. 

III. Tervalent elements : boron, nitrogen (NH 3 , NCl a ), phosphorus 
(PH 8 , PC1 3 ), arsenic (AaH s , AsC 1 3 , As 2 0 4 ), antimony (SbH 3 ,SbCl 3 ,8b 2 0 3 ), 
bismuth (Bin 3 ,Bi 2 () 3 ), aluminium, iron in ferric compounds (FeCl 3 , Fe 2 0 8 ), 
chromium in chromic compounds ((H’ljXVgOa), gold in AuC1 3 » 

IV. Quadrivalent elements : carbon, silicon, lead in plumbic compounds 
(PbCl 4 , Pb0 2 ), tin in stannic compounds (XnCI 4 ,Sn0 2 ). 

V. Quinquevalent elements : phosphorus (PCI 5 ,P 2 () 8 ), arsenic (Ah 2 0 6 ), 
antimony (SbCl 8 ,Xl> 2 0 6 ), chlorine in chloric acid HClOa and chlorates, 
iodine in I 2 0 6 , iodic acid HI0 3 and iodates. 

VI. Sexivalent elements : sul])hur in SF„, S0 3 , H 2 S0 4 and sulphates ; 
chromium in (V() 3 and chromates, manganese in manganotes K 2 Mn() 4 . 

VII. Septavalent elements : chlorine in CI 2 0 ? , perchloric acid HC10 4 and 
perchlorates ; iodine in periodic acid HIO, and periodates ; manganese in 
Mn 8 0 7 and permanganates KMn0 4 . 

VIII. Octovalent elements : osmium in OsF* and OsO,. ruthenium in 
Bu0 4 . 

The properties of an element differ in the compounds in which it has 
different valencies. Silver and cuprous chlorides, AgCl and OuCl, are 
white insoluble solids ; cupric and mercuric chlorides, Cu01 2 and HgCl 2 , 
are soluble. Bivalent lead and tin compounds are similar, as are 
quadrivalent lead and tin compounds, but the compounds in different 
groups, e.g. JSnCl 2 and SnCl 4 , arc quite different in properties, 
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AVOGADRO’S HYPOTHESIS AND MOLECULAR 
WEIGHTS 

The law of gaseous volumes. — The combining volumes of hydrogen 
and oxygen were found by Cavendish to be very nearly 2:1. Alexander 
von Humboldt and Joseph Louis Gay-Lussac in 1805 confirmed this 
result. Gay-Lussac was impressed by the simple whole-number ratio, 
and extended his researches to other chemical reactions between 
gases. In 1808 he announced the law of gaseous volumes : when gases 
take part in chemical changes the volumes of the reacting gases , 
and those of the products if gaseous , are in the, ratio of small whole 
numbers * 

The same conditions of temperature and pressure are assumed. 

1 volume of* oxygen combines with 2 volumes of hydrogen to give 2 
volumes of steam. 

2 volumes of carbonic oxide combino with 1 volume of oxygen to give 2 
volumes of carbonic acid. 

2 volumes of nitrogen combine with 1 volume of oxygon to give 2 volumes 
of nitrous oxide. 

1 volume of nitrogen combines with 1 volume of oxygen to give 2 volumes 
of nitric oxide. 

1 volume of nitrogen combines with 2 volumes of oxygen to give 2 
volumes of nitrogen dioxide. 

1 volume of nitrogen combines with 3 volumes of hydrogen to give 2 
volumes of ammonia. 

1 volume of chlorine combines with 1 volume of carbon monoxide to give 
1 volume of carbonyl chloride. 

Later experiments (p. 188) showed that the law is not quite exact. 
Burt and Edgar found the combining volumes of hydrogen and 
oxygen to be 2*00288 : 1 ; Gray and Burt from 2 volumes of hydro- 
chloric acid gas obtained 1*0079 volumes of hydrogen ; Guye and 
Pintza showed that 1 volume of nitrogen combines with 3*00172 
volumes of hydrogen to form ammonia. All these numbers refer 
to 8.T.P. The slight differences from whole numbers appear to be 
due to the different compressibilities of the gases, i.e. the deviations 
from Boyle’s law. 

* Gay-Lussac’s own words (published in 1809) are : cos substances se com* 
binent entr# elles dans des rapports tt^s* simples, et la contraction de volume 
qu’elles c^prouvent par la cambinaison suit aussi unc loi r£guli6re 
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Dalton seems to have assumed that the results of Gay-Lussac re- 
quired that equal volumes of elementary gases contain equal numbers 
of atoms and he had previously rejected this assumption. In the first 
place, Dalton’s own (inexact) measurements of combining volumes did 
not confirm Gay-Lussac’s law : lie found that 1 -97 volumes of hydrogen 
combine with 1 volume of oxygen. In the second place, he pointed out 
that the density of a gas is not the same thing as the weight of its ulti- 
mate particle : steam is lighter than oxygen, whereas the ultimate 
particle of steam must be heavier than that of oxygen, since it contains 
the latter. 


Berzelius assumed that equal volume's of elementary gases contain 
equal numbers of atoms. Let us see how this works out if we assume 
that the compound gas also contains the same number of particles 
in the same volume as tiie elementary gases. Let us represent the 
volumes by squares, which we may regard as sections of cubes contain- 
ing equal volumes of gases. Take the case of hydrogen and chlorine and 
represent a hydrogen atom by • and a chlorine atom by Q. 

We see from Fig. 00 that we cannot make the volumes right, because 
to do this hydrogen chloride would have to contain only half as many 
particles as an equal volume of hydrogen or chlorine. Dalton pointed 



Hydrogen Chlorine Hydrogen 

1 vol» 1 vol. Chloride 

2 vo/a. 


Iig. 60. 'Combination of hydrogen and chlorine according to Berzelius. 

out this difficulty. It was overcome bv the Italian scientist Amedeo 
Avogadro (1770-1856) in 1811. 

Avogadro s hypothesis. — Avogadro began by assuming that :* 

Equal volumes of all gases and vapours > under the same conditions of 
temperature and pressure , contain identical numbers of molMules. 

A molecule is the smallest mass of a substance capable of existing in the, 
free state . 


Avogadro showed that it is necessary to assume that the particles of 
elementary gases are not atoms but are divisible molecules. 

Let us assume that the molecules of hydrogen and chlorine each con- 
tain two atoms and that they are divided when the gases react. Then 


♦ Avogadro s own words arc : “ le nombro des molecules dans les gaz quel- 
^ e A vo,limw ^ a1 • * * to rapports den massed des 

S ri a i° r i qU(1 m,x ( J/w densitde des different gaz, & pression 

et temperature <Sgales . I he memoir is in French. 1 
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the volume relations will come out correctly, as we see from Fig. 6 1 , and 
the formula of hydrogen chloride is found to be HC1 : 
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H 2 Cl, HCI HCI 

Fia. 61. — Combination of hydrogen and chlorine according to Avogadro. 


In ordinary symbols : 

H 2 + C1 2 =2HC1. 

Suppose one volume of hydrogen contains 100 molecules ; it reacts 
with an equal volume of chlorine, winch Avogadro’s hypothesis shows 
must also contain J00 molecules, to form two volumes of hydrogen 
chloride, which must contain 200 molecules. Each of these 200 molecules 
must contain at least one atom of hydrogen and one of chlorine, hence 
the 100 molecules of hydrogen and the 100 of chlorine must have been 
divided into two parts, which we can suppose are the atoms. 

Another example is the formation of steam from hydrogen and 
oxygen, and the formula of steam is seen to be H 2 0 : 


Fig. 62. — Combination of Hydrogen and Oxygen. 

These formulae depend on the assumption that the molecules of 
hydrogen, oxygen and chlorine contain two atoms. This is the simplest 
assumption which explains the results, and we assume that it is the 
correct one. 

There is some physical evidence, c.g. the value 1*4 for the specific heat 
ratio c p /c v *{jk 12G), that tine molecules of hydrogen, oxygen, nitrogen 
and hydrogen chloride contain two atoms, or are diatomic. The number 
of atoms in a molecule of an element is called the atomicity. 

Molecules of elements in the gaseous state may contain from one to 

eight atoms : 

Monatomic : Na, K, Zn, Cd, Hg, He, A, Ne, Kr, Xe, Rn, I, Cl, Bi. 

Diatomic i H 2 » -^ 2 > ^ 2 > ^ 2 > ^ 2 > ® 2 > ^^ 2 , Sb 2 , Big. 

Triatomic : 0 3 . Tetratomic : P 4 , As 4 . 

Hexalomic : S 6 (?). Octatomic : S 8 . 

The absence of the types X 5 and X 7 is noteworthy. 
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Maxwell defined a molecule of a gas as that small portion of matter which 
moves about as a whole so that its parts , if it has any % do not part company 
during the motion of agitation of the gas . The molecule of a substance may 
be 'different under different conditions. The molecule of iodine vapour at 
, temperatures below 700 consists of two atoms, T a . At higher temperatures 
an increasing number of I 2 molecules decompose into atoms, I 2 ~ 21, 
land in this case the atom is identical with the molecule. In many solid 
salts, the crystal is a regular aggregate of electrically charged atoms or ions ; 
in common salt, for example, the molecule NaCl is not present as an 
individual, but only charged sodium and chlorine ions, Na + and GT% 
arranged in a cubical packing. In solution in water, common salt is 
present as sodium and chlorine ions, not as NaCl molecules. In the 
vapour the molecules NaCl are present. In liquid water there appear 
to bo molecules more complex than H 2 0, which is present in steam, 

1. e. (H 2 0) w molecules. The definition of the molecule in any particular 
state follows from the determination of the molecular weight and a par- 
ticular material may contain several kinds of molecules, c.g . L and I in 
iodine vapour. 

Molecular weight and density. — It follows from Avogadro’s hypo- 
thesis (and was stated by him) that the weights of equal volumes of gases 
or vapours at the same temperature and pressure are in the ratio of the 
molecular weights . 

The relative density (p. 49) of a gas (or vapour) is the ratio : 

weight of a given volume of the gits or vapour 
weight of an equal volume of hydrogen 

at the same temperature and pressure. 

Avogadro’s hypothesis shows that the relative density is also equal to 
the ratio : 

weight o f one molecule of the gas or vapour 
weight of one molecule of hydrogen 

since equal volumes contain identical numbers of molecules. 

If the atomic weight of hydrogen is taken as 1 the molecular weight is 

2, since it has been shown that the hydrogen molecule contains 2 atoms ; 

hence the relative density of a gas is equal to : „ #> 

weight of one molecule (molecular weight) 

2 

so that : molecular weight = relative density x 2. 

Actually, on the atomic weight standard oxygen = 16, the atomic 
■■weight of hydrogen is J 008 and its molecular weight is 2*016 instead 
of 2. 

: , Avogadro’s hypothesis shows that a gram molecular weight (or mol) 
of any gas at S.T.P. occupies the same volume. This is called the 
! gram molecular volume, or molar volume. 
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Let M = molecular weight in grams of a gas, and 1> = normal density 
(weight of one litre at S.T.P.). Then : 

M 

-jj = vol. of 1 mol in litres at S.T.I*. — V m . 

For oxygen the molecule has been shown to contain two atoms each 
of weight life; M = 32. It is found that 1-429 gm./lit., hence 

F m 5 = 32/1 -429 « 22*4 litres. Avogadro’s hypothesis shows that V m is 
the same for all gases, hence 

M = 22*4/L 


The relative density is equal to the normal density divided by the 
normal density of hydrogen, viz. 7>/0*09, hence the normal density of a 
gas is the relative density multiplied by 0*09. Thus : 

molecular weight — (rel. dens, x 0-09) x 22*4 - rel. dens, x 2*01 6, as before. 

Relative densities of gases were formerly referred to air - 1 as stan- 
dard. The relative density of air - J -2927 ; 0*08987 = 14*38, hence the 
relative density referred to air--l is converted to that referred to 
hydrogen « 1 by multiplication by 1 4*38. The molecular weight (O ~ 10) 
is found bv multiplying the density relative to air - 1 by 29*00, i.e. 
14*38 x 1*008x2. 

Limiting densities. — The ratio of the normal densities of two gases does 
not give an exact ratio of the molecular weights. For, even if equal 
volumes contain equal numbers of molecules at one particular pressure, 
they would, on account of the different compressibilities of the different 
gases, not remain exactly equal at another pressure. The numbers of 
molecules in these* unequal volumes would, however, still be equal. 

The unequal compressibilities of gases, which result from the devia- 
tions from Boyle's law, become less as the pressure* decreases, and 
appear to vanish at very small pressures. It may be assumed that the 
ratio of the densities at very low pressure, or the ratio of the limiting 
densities (p~*0), will give the exact ratio of the molecular weights 
(D. Bert helot, 1899). 


If W gin. of gas at 0° occupy litres under a pressure p atm., the quotient 
Wjpv is t|io density per unit pressure. Boyle's law makes this the same at 
all pressures, since />?>-. const. Owing to deviations from Boyle’s law, the 
quotient depends on the pressure. If p- 1 , wo have the normal density ; if 
>0 the quotient approaches t he value for an ideal gas, which is the limit- 
ing density. The ratio of the limiting densitios is the ratio of the molecular 
weights : 

,-'V 

(W’o)« (Po v o)i> 

where p 0 v 0 is the limiting value of pv as p-> 0. 

D, the normal density, is TF/pp»,, where is the value of pv for p — 1, 


/. limiting density = normal density x 



( 1 ) 
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The ratio pph!po v o ma y determined for any arbitrary mass of gas by two 
methods : 

(i) For gases which deviate only slightly from Boyle’s law between zero 
pressure and 1 atm., (p^v 0 - pr)ipv, the relative deviation from Boyle’s law, 
may be assumed proportional to the pressure : 


(/Wo pr),'p * pe - const. =■ A. 

The compressibility coefficient A may bo found from two measurements 
pv between 1 atm. and zero pressure. 

Ifp = 1 atm. —Pi, v then : 


• Pl»llPo*'o —1/(1 * X) 


( 2 ) 

of 


from (1) 


limiting density 


normal density 

, 1 i A 


( 3 ) 


(ii) From several measurements of pv a curve can be drawn in which pv 
is plotted against p. Extrapolation to p~ 0 gives the value of /V'o> and the 
limiting density is then found by multiplying the normal density by 
(WV'/VV,)* 


Example 1. — The atomic weight of hydrogen from the relative density. 


Hydrogen 

Oxygen 


Normal Density. 

0- 089873 ’ 

1- 42900 


Compressibility ~X. 
- 0-00054 ‘ 
f 0-000964 


Limiting density of hydrogen — 0-089873 
Limiting density of oxygen- 1-42900 


1 


1 - 0-00054 

1 


1 i 0*000964 


= 0*089922 gin. /lit. 
— 1-42762 gm./lit. 


The ratio of the limiting densities is equal to the ratio of the molecular 
(or in this case the atomic) weights, lumen : 


atomic weight of hydrogen - \ < 0-089922 \ 32/1-42762 - 1-0078. 


Example 2. — The atomic weight of chlorino from the density of hydro- 
gen chloride (Gray and Burt). 

Normal density p x v x p 0 v 0 

Hydrogen chloride 1-63915 54803 55213 (extrapolated). 

Limiting density of HCl • I(i39l5 < 54803/55213 = 1 62698. 

Molecular weight of HCI(H - 1) .--2 x 1-62698/0 089922 = 36- 1 86. 

At. weight of 01 (H 1 ) = 36- 1 86 - 1 - 35- 1 86. 

By heating aluminium in 2 volumes of hydrogen chloride, measured at 
f».r.P., 1-00790 volumes of hydrogen were obtained. The molecular weight 
of HCl (H = 1) is therefore : 

1-63915 2 

0-089873 * L00790 = ^ 6 I91, 

agreeing to about 1 part in 10,000 with the value from the limiting density. 

The method of limiting densities gives results at least as accurate as those 
found by chemical methods, and in some cases more accurate values. 



IX] THE MICROBALANCE -. 107 

The value of the molar volume of an ideal gas is given by the limiting 
density of oxygen as 32/1 *427 62 - 22-415 litres per mol. 

The microbalance. — Some very accurate determinations of molecular 
weights of gases have been made with the microbalance, invented by 
Nernst, and used by R. W. Gray 
and Ramsay in 1910 for the deter- 
mination of the density of radium 
emanation (in which a balance with 
a sensibility of 1/500,000 mg., 
dealing with a volume of 0*1 cu. 
mm., weighing less than 0-001 mg., 
was used). It has since been improved and a modern form is shown 
diagrammatically in Fig. f>3. 

The beam, suspension fibres and parts of the frame were of fused quartz, 
the bulbs and most of the frame (shown thiokoncd) of P> rex glass. The 
bent pointer was attached to the buoyancy bulb A and the reading micro- 
scope was end-on. The whole was enclosed m a glass cylinder containing 
the gas, with a plate-glass window at one end and a capillary connection 
to the pressure system. The adjustment in air was at rather less than 1 
atm. pressure and the period of oscillation was 10 sec. Pressure differences 
of 0*005 mm. were indicated. 

The beam is balanced at zero when the gas density in the ease exerts a 
buoyancy effect on the bulb which compensates its net weight. The 
pressures p t and />„ at which two gases have equal densities are measured. 

The balancing pressure ratio pi'dw r M extrapolated to the limiting 
value r 0 for p,~ p n 0, when : 

Mn (Mi 'V 

This microbalance method has been used to determine the atomic weight 
of carbon from the density of carbon monoxide (Woodhead and R. 
Whvtlaw-Gray, 1933). Corrections were applied for the shrinkage of the 
buoyancy bulb caused by change of gas pressure outside, and for the shift 
in the centre of gravity of the bulb due to this shrinkage. 

The mierobalanee method lias several advantages over the globe 
method (p. 50) for the determination of* gas densities : (1) it requires 
a smaller quant ity of gas, which is thus more easily procured in a state 
of great dryness and purity, and (2) it minimises errors due to (a) 
buoyancy corrections, (b) shrinkage, (c) adsorption of moisture on the 
outside of the globe, and (d) adsorption of gas on the inside of the globe. 

The general gas law. — On p. 49 it has been shown that for a given 
mass of an ideal gas the equation : 

pv/T =■ const., or pv - const. 7 T , 

applies, where p = pressure, v volume, 7 T — absolute temperature. If 
the mass is 1 gm. mol. wt., or 1 mol, Avogadro's hypothesis shows that 



Fig. 63. — Microbalanco (plan). 
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v is the same for all gases for the same values of p and T. This value of 
v has been shown to be 22*4 litres when — 1 atm. and 273 (i.e. 
0° C.). Hence the gas constant, which applies for all other values of#p 
and T for 1 mol of gas and is denoted by R, is 

R = ] x 224/273 -0*082 litre atmospheres/ 1 0 C., 
and pv^RT. 

R has the dimensions of energy divided by temperature, since (pres- 
sure x volume) has the dimensions of work. 

Calculations of volumes of gases. — Avogadro’s hypothesis shows that 
the molecular volume of any gas at S.T.P. is 22*4 litres. In calculations 
of volumes of gases, the chemical equations must be written so as to 
express reactions between molecules of the gases, since only in this case 
are the volume relations correctly given. 

For any arbitrary weight of gas, IF gm., the number of mols is 
n W I M, where M is the molecular weight. If tlio volume is V, the 
molar volume is Vjn . Hence, in general : 

p V - nRT for n mols of gas. 

It is important to remember that pv~R r l\ with the value of R stated , 
applies only to one mol of gas. In general caleulat ions pV = wRT must 
be used. E.g. to find the volume of 100 gm. of chlorine at 15° and 
410*4 mm. : T —273 -4- 15 -- 288 : p --410*4/7(50 0*54 atm. : n — 100/71 
= 1*408 mols ; 

V •= wR Tip - 1 408 x 0*082 x 288/0*54 - (i l *6 litres. 

Cannizzaro’s principle. — Avogadro did not clearly state that mole- 
cular weights must be referred to the atom , not the molecule, of hydro- 
gen as standard. This step was taken in 1858 by Cannizzaro, who 
showed that Avogadro’s hypothesis oan be systematically applied in 
the determination of atomic weights. 

(1) From vapour density measurements the molecular weights of a 
number of volatile compounds of an element are found. 

(2) The analyses of these compounds give the weights of the element 
contained in the molecular weights of the compounds. 

(3) The smallest of these weights is taken as the atomic weight, it 
being assumed that at least one compound contains only one atom of 
the given element in its molecule. 

The atomic weight of an element is the smallest weight of the element 
contained in a molecular weight of any of its compounds . 

This may be called Cannizzaro’s principle : it is not an independent 
definition of atomic weight, but is a consequence of Avogadro’s 
hypothesis. 

It must be emphasised that the determination of the relative density 
of , one compound of an element, or of the element itself if it is volatile, 
can give no sure indication of the atomic weight. The molecule of 
the particular compound selected, and that of the vapour of the free 
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element, may contain one, two, three, or any number of atoms of the 
element, for all we know to the contrary. In the case of mercury, the 
molecule in the vapour consists of one atom, and the molecule of phos- 
phorus vapour contains four atoms. The larger the number of com- 
pounds investigated, the greater is the probability that at least one will 
contain only one atom of the element in a molecule. 


Oxygen Compounds. 


Compound. 

ltd. Donsity 
(11-1) J 

Mol. wt. 

-2 xj 

Wt. of oxygen, in one 
mo), wt. of compound 

Oxygen gas - 

- if) 

32 

16 x 2 

Water - 

9 

18 

16 

Carbon mom >xide 

- 14 

28 

16 

Carbon dioxide 

22 

44 

16x2 

Sulphur dioxide - 

- 32 

04 

16x2 

Sulphur trioxide - 

- 40 

80 

16x3 

Nitrous oxide 

- 22 

44 

16 

Nitric oxide - 

- 15 

30 

16 


Tim smallest weight of oxygen contained in a molecular weight of any 
of these compounds is lb, and this is taken as the atomic weight. A 
molecule of water contains one atom of oxygen, weight 16, and there- 
fore 18 - 16 2 parts, or two atoms, of hydrogen. The formula of 

water is therefore H 2 0. In this way, Dalton’s problem of finding the 
number of atoms of the elements in the molecule of a compound is 


isily solved. 

Compound. 

Carbon Coaitoctn ds. 

Rel. Density Mol. wt. 

(11 l)j‘ - 2 / J 

Wt. of carbon in one 
mol wt. of compound. 

Methane 

- 8 

16 

12 

Ethane 

- 15 

30 

12x2 

Ethylene 

- 14 

28 

12 x 2 

Alcohol 

- 23 

46 

12 x 2 

Ether - 

- 37 

74 

12x4 

Benzene 

- 39 

78 

12 x 6 

Carbon monoxido 

- 14 

28 

12 

Carbon dioxide 

- 22 

44 

12 


The atomic weight of carbon deduced from these results is 12. In 
78 parts of benzene there are 72 parts, or 6 atoms, of carbon and 
78-72=6 parts, or 6 atoms, of hydrogen. The formula of benzene 
is CflHg. 

The molecular weights found front the densities are approximate , since 
gases and vapours do not accurately obey the gas laws, and tho determina- 
tions may bo approximate. Accurate values of the atomic and molecular 
weights are found from refined chemical analyses of tho compounds, and 
vapour density measurements are used to decide between various possible 
molecular weights. Accurate values are found from limiting densities 
(p. 105). 
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In some cases an element does not form volatile compounds, so that 
Cannizzaro’s method cannot be applied. Alternative methods must 
then be used, which are described in the next section. 

Confirmation of atomic weights. — The atomic weights derived from 
Cannizzaro’s principle have been confirmed by independent methods. 
These remove the possibility that the least weight of an element found 
in the molecular weights of all the compounds examined may still be a 
multiple of the atomic weight, since it is improbable that all the in- 
dependent methods should agree with this particular multiple. These 
methods will be considered in more detail later and a summary only is 
given here. 

1 . Molecular weights of substances in solution, found by osmotic pressure, 
freezing point, boiling point or vapour pressure methods, usually agree with 
those found from \apour densities. In some eases, c.g. metals in amalgams, 
the molecular weight is identic al with the atomic weight. 

2. The ratio of the specific* heats of a gas or vapour at constant pressure 
Cp, and at constant volume c r > viz. c p c r , according to the kinetic theory of 
gases, has the value 1-1107 when the molecule is monatomic. In 1870 Kundt 
and Warburg found that c Jt !c, 1*007 for mercury vapour, hence the molo- 
cules of the latter consist of single atoms. The density of mercury vapour 
shows that the molecular weight is 200. This in the present cast? is equal to 
the atomic weight. If the atomic weight, found by the vapour density 
method is shown in one ease, viz. mercury, to be the real atomic weight, and 
not a multiple, it. may reasonably he assumed that m other eases also the 
method gives t he real atomic weights. In the case of many diatomic gasos, 
the theoretical ratio c. p iv v - J -4 is found. 

3. Dulong and Petit- in l S 1 9 found that the atomic heat . i.e. the product- of 
the atomic weight and the specific heat of a solid element, is approximately 
constant and equal to (>-3. Hence if the specific heat of a solid element is 
determined, and (>-3 is divided by tins number, wo obtain an approximate 
value of the atomic weight.. This < Iocs n< >t give correct results with elements 
of small atomic weight. 

4. Mitschorlieh in 1811) found that compounds hn\ ing analogous formulae 
crystallise in the same form or are isomorphous. Thus the formulae of 
isomorphous compounds can he found and hence, by analysis, the atomic 
weights of t.hoir elements. In some cases a substance may crystallise in 
more than one form, and this must he kept- in mind in using the method. 

5. The formulae of compounds which show similarities in chemical 
properties are usually similar. Oxides of iron, aluminium ami chromium 
are given similar formulae, Fe a O», A !./)., and (VAX,. If the atomic weight 
of chromium is found, those of aluminium and iron can be determined. 
This method is the least trustworthy of all those described ; c.g. beryllium 
oxide was long thought to be He 2 0 3 instead of 15eO on the basis of chemical 
analogies. 

6. The position of an element in the periodic tablo (Chapter XXII) 
gives an indication of its atomic weight. 

Diffusion of gases. — Hydrogen contained in an open inverted jar 
rapidly diffuses out and air enters ; this takes place in opposition to 
gravity since hydrogen, the lighter gas, moves downwards and air, the 
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heavier gas, moves upwards. Dobereiner (1823) found that hydro- 
gen confined over water in a cracked flask escaped into the surrounding 
air, the water rising in the neck of the flask. Graham (1831) showed 
that as the hydrogen escapes air enters the flask, and since the 
pressure inside is reduced hydrogen must diffuse out faster than air 
diffuses in. If the flask is covered with a bell-jar filled with hydrogen 
no change in the level of water occurs. 

The diffusion of gases may be illustrated by the apparatus shown in Fig. 
04. A porous clay pot such as is usod in batteries is fitted by a rubber bung 
to a tube passing into a Woulfo's bottle containing coloured water. Dipping 
into the coloured water is a glass tube drawn out to a jet above. 

A largo beaker of hydrogen is inverted over the pot, when hydrogen 
diffuses into the pot more rapidly than air passes out and the increase of 
pressure causes the waiter to issue from the jet in the form of a fountain. 



Fig, 04. — Diffusion of hydrogen Fig. 05. — Graham’s 

through a porous pot. apparatus. 

If the beaker is removed, hydrogen inside the pot diffuses out into the air 
more rapidly than air enters, so that the pressure is reduced. Coloured 
water thus rises in the vortical tube attached to the pot. 

Graham’s law. — Graham’s apparatus for measuring the rates of diffusion 
of gases consists of a glass tube closed at one end with a thin plug of 
piaster of Paris. This tube is filled with hydrogen over mercury (Fig. 
65). The mercury rises in the tube, which is sunk so as to keep the 
levels constant. After a certain time all the hydrogen diffuses out 
and the tube contains only air which has diffused in. The volume of this 
air is the volume diffusing in the same time as the whole of the hydrogen 
originally contained in the tube. The inverse ratio of these volumes 
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gives the ratio of the times required for the diffusion of equal volumes. 
In this way Graham in 1833 found the following law of diffusion : the 
rate of diff usion of a gas is inversely proportional to the square root of its 
density . ■ > 

Since the density l) at a fixed temperature and pressure is propor- 
tional to the molecular weight M, G rah an vs law shows that the velocity 
of diffusion of a gas is inversely proportional to the square root of its 
molecular weight. 

Example 1. — 100 ml. of hydrogen are confined m a diffusion tube ex- 
posed to air. When change of volume ceases, what volume of air will have 
entered the tube ? 

The volumes diffusing aro in the inverse ratio of the square roots of the 
densities ; 

volume of hydrogen \T*293 # 
volume of air \ <) 0i) 

, „ . v'd-09 

vol. of air - 100 ml. 

Vi -293 

Example 2. — 19-8 ml. of chlorine diffused in the same time as 100 ml. 
of hydrogen. Find the rolal ive density of chlorine. 

Let x = relative density of chlorine. The volumes diffusing in equal 
times aro in the inverse ratio of the square roots 
of the densities. Since Ihe relative density of 
hydrogen is 1, 

100 , 

10-8 \'l 

;r -- 35 1. 

Effusion. -In effusion (also studied by 
Graham) a gas is forced by pressure through a 
small hole in a medal plate exposed to the air. 
The relative rates of effusion of different gases 
are in the inverse ratio of the square roots of the 
densities. By means of this law the molecular 
weights of different gases may be compared. 
The apparatus used is Bunsen’s effusiometer. 

Fig. 66. — Bunsen’s offusio- 

moter (Ostwald). A glass cylinder with marks at m lt m 2 is placed 

in a cylinder of water (Fig. 66.) At the top of 
the tube is a stopcock aumunicating with the free air through a tube 
closed by a thin platinum plate, in which a hole has been pierced with a 
fine needle. The tube is filled with gas to a level bolow rn 1 and the tap is 
opened. The gas streams out through the fine hole and the time required 
for the liquid surface to pass from m 1 to m 2 is taken by a stop-watch. The 
experiment is repeated with a gas of known molecular weight, e.g. oxygen. 
If mercury is used, a float is fitted inside the tube, having a line marked 
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on its upper end. The time taken for this mark to pass between two marks 
on the upper si irfu.ee of t he cylinder is noted 

If h, t, are the times of effusion of equal volumes of two gases of 
densities IJ V J) % and molecular weights M x and M z in the same appara- 
tus, then : 

<i J7> 1 = 

!■> V I >2 J M 2 

Example. — 0’ the times of equal effusion of pure oxygon and of a 
mixture of oxygen and ozone are 221 and 231 seconds, respectively, find 
the percentage by volume of ozone in the mixture. 

Let J) relative density (0 Hi) of the mixture, and x =r percentage of 
ozone (0 3 ). Then 


224 \'16 

234 ~ \ L) ’ 


D = 17*46. 


16 



17-46, A a; 


18 - 26 . 


Abnormal vapour densities. — Acetic acid has the empirical formula 
(the simplest formula deduced from its percentage composition) CH 2 0. 
Its vapour density at 250° and 700 mm. pressure is 29 (H = l), hence 
the molecular weight is 58. But ( VH 4 0 2 -00, hence under these con- 
ditions the vapour has this formula. At lower temperatures, at 760 
mm, pressure, the density is greater ; at 125° it is 44-5, corresponding 
with a molecular weight of 89. which approximates to C 3 li 6 0 3 = 90. 

Playfair arid Wanklyn (1862) explained this apparent exception to 
Avogadro’s law by assuming that the vapour of acetic acid below 250° 
t is a mixture of C 2 H 4 0 2 molecules with C 4 H 8 0 4 molecules, Le. the sub- 
stance is associated. By rise of temperature, some of the associated 
molecules break up into normal molecules: (C 2 H 4 0 2 ) 2 — 2C 2 H 4 0 2 . 
(This also occurs if the pressure is reduced at a constant temperature). 

A different behaviour is shown by ammonium chloride. The solid 
has the simplest formula NH 4 C1 — 53*5. Bincau found the vapour 
density 12*9, giving a molecular weight of 25-8, half the least possible 
theoretical value, and corresponding with the formula N*H 2 Clp This 
and similar cases (phosphorus pentachloride, ammonium carbamate, 
etc.) led Deville to question the validity of Avogadro’s law, but the 
true explanation was put forward independently by Cannizzaro in 1857, 
and by Kopp aiul Kekule in 1858, viz. that these substances dissociate 
on heating. 

Dissociation by heat. — Mitscherlich in 1833 observed that antimony 
pentachloride vapour on heating is partly dissociated into antimony 
trichloride and free chlorine : Sb01 6 - SbCl 3 + 01 2 . These recombine on 
cooling. Since the reaction is reversible it may be written SbCl^ 
SbCl 3 +C1 2 . Reactions of this type are examples of thermal dissociation, 
i.e. the progressive decomposition of a compound by heat, in such a 
way that the products of decomposition recombine on cooling. They 
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differ from such reactions as the decomposition of potassium chlorate 
by heat, when the products do not recombine on cooling. 

* J. H. Gladstone (1849) found that the pale yellow solid phosphorus 
pentabromidc partly dissociates when heated into the vapour of the tri- 
bromide (colourless) and free bromine (red) : PBr 5 s~ P Br 3 + Br 2 . The 
vapour is red, and in an open flask bromine diffuses out and the denser 
PBr y remains. 

It was therefore reasonable to assume that ammonium chloride on 
heating dissociates into ammonia and hydrogen chloride which recom- 
bine on cooling: NH/>MNH 3 + -HOI. The density for complete de- 
composition is half the theoretical density, because the volume is 
doubled. Pebal (1892) confirmed Ibis by separating the two gases 
from the vapour by diffusion. Ammonia is much lighter than hydrogen 
chloride and diffuses more rapidly (p. 112). 


Pebal used the apparatus shown in Fig. 07. The tube I) contained a ping 
of asbestos o, and above this was a piece of ammonium chloride d. The 
tube was enclosed m a wide test-tube, contained in a jacket boated in a 



Fio. 67. — Pebal ‘s experiment on tho dissociation of ammonium 
chloride 


charcoal furnace. Hydrogen was passed in through the tubes a, b, on both 
sides of the plug, and escaped through tubes to A and B f containing pieces 
of blue and red litmus paper, respectively. The red litmus turned blue, 
because ammonia escaped more rapidly through the asbestos plug than 
hydrogen chloride ; the excess of the latter was swept out through the 
other tube, and turned the litmus red. 
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Deville objected that the vapour might have been decomposed by the 
asbestos plug. Than (1804), replaced the abestos by a plug of solid am- 
monium chloride (Fig. 08) and obtained the same result . 

Marignae (ISOS) shoved that the absorption of heat required to 
volatilise ammonium chloride is practically equal to the heat evolved 
when the gases ammonia and hydrogen chloride combine to form solid 
ammonium chloride, and hence the compound must decompose into 

tlie two gases on volatilisation. 

Some ammonium chloride is put 
into a glass tube through which 
passes a porous clay tobacco-pipe 
stem (Fig. (>9). On heating, the 
ammonium chloride dissociates into 
ammonia and hydrogen chloride 
gases. The ammonia diffuses more 
rapidly through the porous tube, 
leaving in the glass tube an excess 
of hydrogen chloride, which reddens 
a piece of blue litmus paper. By 
passing a shut* current of air through the clay tube, the gas containing 
excess of ammonia is directed on a piece of moist rod litmus paper, which 
becomes blue. 

In dissociation, a stall 1 of chemical equilibrium is established, in which 
the dissociating substance and the product s of dissociation exist together. 
The extent of dissociation increases with rise of temperature, as is seen, 
for example, in I he progressive darkening in colour of the vapour of 



Km. 08 .- -Than’s experiment on the 
dissocial ion oi ammonium chloride. 



Fid. tilt- - Dissociation of Ammonium Chloride. 


phosphorus pentabromide, owing to the formation of red bromine 
vapour : PBr 6 ^PBr 3 + Br 2 . The dissociation of colourless hydrogen 
iodide gas on heating is seen from the violet colour of the iodine 
vapour produced : 2HI^H 2 + 1 2 . In this case the products of dissocia- 
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tion do not. recombine completely on cooling, solid iodine separating, but 
the reaction is reversible in presence of a catalyst (p. 142). 

, Roth PC1 6 and PC1„ art? colourless in the form of vapour ; Cl 2 is greenish- 
yellow. The vapour of PC1 6 shows a greenish-yellow colour, which becomes 
deeper as the temperature increases. At the same time the density (reduced 
to S.T.P.) decreases. 

Determination of dissociation from vapour density. — The degree of 
dissociation a, i.e. the fraction of the total number of molecules disso- 
ciated, can be deduced from the vapour density, except where there is 
no change of volume on dissociation, c.g. HI -f HI^H 2 + 1 2 . 

In the dissociation of substances such as phosphorus pentachloride, 
when a change of volume occurs : 

pci^m^+ou 

1 vol. 2 vols. 

let each molecule of the initial substance give x molecules on dissociation. 
Then N molecules of substance give : 

2V(1 — of) molecules of original substance, 

Nxol molecules of the products of dissociation. 

The number of molecules before dissociation is N ; that after dis- 
sociation is A r (l ~ a) + xV.ra - A T | I + a(.r - 1 ) |, and by Avogadro’s law : 

Volume after dissociation X\ I -1 a (.r - 1 )] _ 

Volume before dissociation xV 

The densities arc in the inverse ratio of the volumes. Let A be the 
vapour density corresponding with the imdissoeiated substance, and 
D the observed vapour density, then : 

jj-l+«(.r-l) 

A -l) 

The vapour density corresponding with complete dissociation (a = 1 ) 
is d —A lx. In the case of phosphorus pentachloride, # — 2, hence: 
a = (d - D)/f), and d ~^\A, i.e. on complete dissociation the vapour 
density lias half the normal value. 

The vapour densities may be in any units, e.g. gm./lit., or relative to 
H= 1, or air= 1, etc.. In the following table of vapour densities of phos- 
phorus pentachloride at 1 atm. pressure (Labours, 1 847) the density D is 
relative to oxygen taken as 1 6, so that 2 T) - M - apparent. molocular weight. 

At 200° and 1 atm. pressure, the vapour density of phosphorus 
pontachlorido is 70 03 (O - 10). The density corresponding with 
no dissociationis £PCJ 6 - 103-35. Thus, A - 103-35, D-- 70*03, x =* 2, and 
103*35 — 70*03 

— ~~ 9*476. Out of every 1000 molecules of PCl a , 476 are 

7U*U»J 

dissociated into PC1 8 + C1,. 


f - 

182 

190 

200 

230 

250 

274 

288 

300 

'D r 

73*36 

72*06 

70*03 

69*21 

57*77 

55*46 

53*01 

52*71 

« - 

0*409 

0*434 

0*476 

0*493 

0*788 

0-864 

0*950 

0*961 
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A molecular theory of dissociation was given by Pfaundler in 1867, In a 
molecule such as HI the atoms are vibrating, the energy and hence the 
amplitude of vibration increasing with rise of temperature. The tempera- 
ture depends (p. 120) on the kinetic energy of translation of the molecules, 
but this is partly transformed by collisions into vibrational energy. When 
the amplitude of vibration exceeds a limiting value, the atoms part com- 
pany and dissociation occurs. The reason why all the molecules do not 
dissociate suddenly and completely at a particular temperature, is that a 
gas at a certain temperature contains molecules with all possible kinetic 
energies, the average kinetic energy corresponding with the temperature 
of the gas. Those molecules with energies higher than tho average tend to 
dissociate, and since the fraction of these molecules with high energies 
increases with rise in temperature, according to Maxwell’s distribution law 
(p. 1 19), the extent of dissociation increases with rise in temperature. The 
products of dissociation are at the same time recombining, and at a fixed 
temperature a state of equilibrium is reached, when as many molecules are 
decomposed as are formed in a given interval of time. 



CHAPTER X 


THE KINETIC THEORY OF OASES 


The kinetic theory of gases. — Dalton in 1 SOI filled two bottles (Fig. 
70), one with hydrogen and the other with carbon dioxide, and con- 
nected them by a long vertical glass tube, the light 

S gas being above. After several hours the gases 
were uniformly mixed. 'Phis spontaneous mixing 
of gases in opposition to gravity is called diffusion, 
and is due to the motion of the molecules of the 
gases amongst each other. 

Similar motions occur in liquids, but even more 
slowly. If a tall cylinder is filled with water, and 
a layer of copper sulphate crystals placed at the 
bottom (Fig. 71), a layer of blue solution is formed. 

§ If the jar is set aside in a room of uniform tem- 

perature. to avoid convection currents, the blue 
colour slowly rises through the jar until, after 
several months, the colour of the liquid is uniform. 


Fig. 70. -• Dalton’s 

experiment on gaseous Wo assume that the molecules of liquids and 
diffusion. 1 

gases are in ceaseless motion, in much the same 
way as a swarm of gnats on a summer evening. This is called the 
kinetic theory (Greek kinesis , motion). 

From the slowness of diffusive motion it might seem that the molecu- 
lar velocities must be small. This is not correct ; the molecules in 
air, for example, move with speeds of the. order _ 
of a quarter of a mile per second, in the same 
way the gnats in a swarm move about with con- \ ""I 

siderable speeds, although the swarm itself is nearly 
stationary. \ 

The cause of gaseous pressure J oule in 1 845 fou nd — 1 7 

that if a gas expands from one vessel into a second ; 

exhausted copper vessel, so that it does no external 

work, ^t does not become appreciably warmed or rtBBl 

cooled. He concluded that no appreciable work is 

done by, or against, forces of repulsion or attraction 

beween the molecules, and hence that the molecules of 

gases exert practically no forces on one another . 

The pressure exerted by a gas over the walls of a vessel must, there- 
fore, be caused by molecular bombardment. On all parts of the surface 
' 118 


Fig, 71. — Liquid 
diffusion. 
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there is a ceaseless hail of elastic molecules, which fly off again into the 
gas. Without going into detail one can see that this molecular bom- 
bardment, distributed over the surface, must appear as a uniform 
pressure. 

The molecules strike* the wall at all angles, from a full normal blow 
to a glancing impact, and it is only the velocity component per- 
pendicular or normal to the surface which is effective in producing 
pressure. 

In the gas itself the molecules exert practically no forces one upon 
another, and move in straight lines until they encounter the walls, or 
one molecule collides with another. The molecular collisions occupy 
but a small fraction of the time in which the molecule is moving, be- 
cause the particles are sparsely distributed, except in highly compressed 
gases. 

One ml. of water gives 1240 ml. of vapour at 100° and 700 mm. pressure, 
so that less than one-tliousandl h of the space of the vapour is occupied by 
the molecules. In air at 0-001 mm. pressure, the molecules occupy only 
about I part in 5K0 millions of the total space. 

The molecules may have all possible velocities, but Clerk Maxwell 
(1859) showed that most of the molecules in a gas at a given tem- 
perature have velocities which differ only slightly from a mean or 
average velocity c. The ordinates of the curve in Fig. 72 represent the 
fractions of the molecules which lia\e velocities represented by the 
abscissae as multiples of the most probable velocity , 0-886 c. If we 
follow any molecule along its zigzag path, we shall find that they nearly 
all have velocities very near the average velocity c. The component 
velocities fluctuate repeatedly as the mole cules undergo collision s, but 
the velocity along the path of 
motion is nearly uniform. 

The curve in Fig. 72 represents 
what is called Maxwell's distribu- 
tion law. 

Calculation of the pressure of a 
gas. — Let a mass M of gas be con- 
tained in a cube of side L, and let 
c be the velocity of the molecules, 
assumed provisionally to be the 
same for all. Let there be JV par- "0 0-6 1 2 1-8 2-4 3-0 

tides in a unit cube, or N !/ in Fig. 72.— Distribution of molecular 
the given cube. We may suppose speeds in a gas. 

that on the average one-third of the particles, i.e. a number A 7 // 3 /3,. are 
moving (in both directions) perpendicular to each pair of laces. The 
number of impacts per second made by a particle on any one face 
is cj2L f since it traverses a distance 2 L between each impact with 
that face. The total number of impacts per second on the face is 
(c/2L) x (NL B I %) « NcL~]f>. The momentum of the molecule, of mass 
m, before impact is me ; after impact it is - w?c, hence the change of 
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momentum is 2 me. The change of momentum per second is the 

force exerted on the face. The 'pressure, or force per unit area, due to 

all the particles is, therefore, (NcL 2 /ti) x (2 me) fr, where L 2 is the area 

of the face. Thus : . v 

p - £ mA c-. 

But mN « M/L B — MjV = Z) — density of the gas, therefore : 

p ~ J7)c 2 or p r = J J/r 2 ( 1 ) 

If groups of A 7 j, iV 2 , .V„ ... molecules move with different velocities c u 
c a , c 3 , , the above calculation applies to each group separately, and by 

summation : 

P " £w (A jCj 8 4* A 3 «v 4 ...). 

If a mean square velocity c 2 is taken such that : 

AT 2 r AVi 2 4* A\ 2 c 2 2 4- AV’a 2 x .... 

where N ~ N t 4 A" 2 + A T S + . . . , i.e. c 2 - HN l c l 2 lZN v then : 

p - IntNc* - JIte* or p V — £M c 2 (la) 

The mean or average velocity c is related to the root mean square velocity 
by the formula : 


c = -t-- s /c’ 2 = () ' 921 «/c (2) 

Vt)7 T 

If a is the average component velocity normal to the wall of the vessol, 
half the molecules may be supposed to be moving towards the wall with this 
velocity and half away from it. Hence the number of molecules striking 
1 cm 2 of wall per sec. is half the number in a cylinder of height u, viz. 
juY$, and the mass of gas striking 1 cm. 2 per sec. is hntNu - U)u. 

Deduction of the gas laws. — The average kinetic energy of translation of a 
molecule is \ me 2 , hence equation (1 ) or (la) shows that : the product of 
the pressure and volume of a gas is equal to two-thirds of the kinetic energy 
of translation of the molecules. The kinetic energy of translation is the 
energy the molecules possess in virtue of their motion in straight lines ; 
only this part of the energy makes any contribution to the pressure. 
Energy due to rotation of the molecules, or the relative motions of their 
parts, is without influence . 

If it is assumed that the absolute, temperature of the gas is proportional 
to the average translational kinetic energy of the molecules , equation (1) or 
(la) shows that, when the temperature is constant, the pressure is 
proportional to the density or inversely proportional to the volume. 
This is Boyle’s law. 

Since the absolute temperature T is assumed to be proportional 
to the average translational kinetic energy of the molecules, i.e. to 
Jmo 2 , it follows from (la) that at constant volume (N - const.) : 

p - const, x T 7 , 

.which is equivalent to Charles’s Law. 
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If equal volumes of two gases at the same temperature and pressure 
contain N t and N 2 molecules of masses m x and m 2 , respectively : 

p = = \N 2 m 2 c£ (pressures equal) 

and fyniiCi 2 ~ |m 2 c 2 2 (temperatures equal), 

hence N x = N 2 , 

which is Avogadro’s hypothesis. 

For two gases of the same temperature : 

Am J c 1 2 - £w 2 c 2 2 ; 
c,/c 2 = J m,,!m x =- < 

or the molecular velocities are inversely proportional to the square 
roots of the molecular weights or densities. Since the velocity of 
diffusion may he assumed to be proportional to the molecular velocity, 
this is equivalent to Graham’s law of diffusion (p, 111). The diffusion rate 
however, involves the mean free path (p. 123) as well as the molecular 
velocity and the quantitative relation is rather complicated. 

Molecular kinetic energy .--In equation (I a) put V =22-415 litres, 
then at S.T.P. M -M, the gram-molecule (mol) of the gas and N =N, 
the number of molecules in a gram -molecule. N is called Avogadro’s 
number. Avogadro’s hypothesis shows that N is the same for all 
gases. We see that the kinetic energy of translation of the molecules is : 

*RT (3) 

It is the same for a mol of any gas at a given temperature. We can 
now calculate this energy. 

At the melting point of ice, 1* -22 415 litres- 22*415 x 1000*028 cm.*, 
p = 760 min. - 70 ■ 13*505 v 980*0 -- i ,01 3,225 dynes per cm. 2 ; 

IpY - 22*415 - 1000*028 x 1013225 x i* ^ 3*407 * 10 10 ergs. 

Thus, the molecular kinetic energy of a mol of any gas at 0°, due to the 
transiatory motion of its molecules, is large enough to raise a weight of 
about a ton through one foot. 

The gas constant is : 

B= pVfT g * 3*407 > 1 0 10 , '273*09 ; 

R - 8*317 x 10 7 ergs/l° C. ; 
or R-- 8*317 x J0 7 /4*184 , 10 7 
----1*988 g. eal. 'l ° (\ 

Molecular velocities.— From the value of the molecular translational 
kinetic energy JMc 2 , which is the same for all gases and equal (very 
approximately) to 34 x 10° ergs at 0°, we can calculate the mean square 
molecular velocities, c 2 , by division by the molecular weight M and 
multiplication by 2 : 


c a « (|Mc 2 ) x 2/M. 
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Thus, for oxygen, M = 32 ; c 2 -34 x JO 9 x 2/32 ; /. the root mean 
square velocity c 1 at 0° C. *^46,000 cm. per sec., or 460 m. per sec. The 

average velocity ? is 0*021 ^ c 2 , from equation (2), i.e. 425 m. per sec. In 
the case of hydrogen, the average velocity at 0° is 1604 m. per sec. 


Average Molecular Velocities at 0 in Metres per Second 


(Velocities of sound in the gases are given in brackets.) 


Hydrogen, 1694 (1286). 
Helium, 1208. 

Steam, 565 (401). 
Nitrogen, 455 (337). 


Oxygen, 425 (317). 

Oarbon dioxide, 362 (257). 
Chlorine, 288 (206). 
Mercury vapour, 170. 


The volncity of steam molecules (M= 18) is greater than that of oxygen 
molecules (M — 32) ; the velocities for hydrogen and helium are largo com- 
pared with those of the other gases. A velocity of 1700 m. per sec*, is 5500 
ft. per see., or more than a nnle per set*., ?.r. of the on lor of the velocity of a 
rifle bullet. Owing to those high speeds the kinetic* energies of the molecules 
are high, and the pressure due to the molecular shower is explained. It is 
also seen that the molecular velocities are of the same' order as, hut greater 
than, the volocities of sound tt in the gases. The formulae p J7> 2 and 

u -- \'ypff) "(p. 127), -where y - c p c,„ give it - \ Jy(\A* 2 ). 

The prod in jt p\ for a given mass of gas is proportional to tin* absolute 
temperature : />r=-R7\ But p V is pi’oportional to the translational 
kinetic energy of the gas molecules, hence the latter is also proportional 
to the absolute temperature. Since at constant volume the pressure 
increases by 1'273 of its value at 0 ( \ for 1° rise* in temperature, the 
translational kinetic energy of the inoleeules must increase by the same 
fraction of its value at 0" (\ In this way vw* can calculate the molecular 
velocities at any temperature from their values at 0° C. given in the 
table. 


For hydrogen molecules at 1000 (\ : kinetic energy at. 1000' -- (1273/273) 
x kinetic en ergy at 0 rt C. But the average velocity is proportional to 
^(kinetic energy) ; 

velocity at 1000 ; velocity at O' ~ Vl 273 : v 273 ; 


velocity at 1000' 1694 


A 273 
^ “273 


1694 x 2*16 rn. per sec. 


The rate of increase of velocity with temperature is not very rapid ; the 
Velocity is doubled by a rise of I0()0 r . 


For a gram-molecule, pv = UT. The kinetic! energy of translation 
of the molecules is JMc 2 - Ip V = JR7’. The value, of R in absolute units 
is 8-317 x 10 7 ergs per 1°, hence the translational kinetic energy at T° 
absolute iR l x 8-317 x 10 7 T ergs = 12-47ti x 1<> 7 T ergs. In g cal. it is 
| x 1-988 7* = 2-982 7’ g. cal., or about. 3 T g. cal. 

The molecular diameter.— In spite of the high values of the molecular 
velocities the diffusion of one gas into another takes place slowly. 
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The experiment on p. 54 shown that bromine vapour diffuses very 
slowly, although at 17° the velocity of the bromine molecules must be : 

1 700 x ^(290/273) x J(ijSO) = 196 metres per sec., 

where 1700 m. per sec. is the velocity of hydrogen molecules, and the 
velocities are in the inverse ratio of the square roots of the molecular 
weights (2 and 100). The rate of bulk motion of bromine vapour is 
only about one hundred thousandth of the molecular velocity. 

The reason is that the molecules of bromine do not move all the time 
in straight lines ; they collide with one another and with the air mole- 
cules, and very many must be deflected back again. The molecules de- 
scribe zigzag paths, and only after making a great number of eollisions 
does a molecule get appreciably forward. 

This effect is due to the finite size of the molecules ; if they were mere 
points, they would not offer any obstacles to the motion of other mole- 
cules. From the rate of diffusion the diameters of molecules may be 
calculated ; the diameter of the oxygen molecule, assumed spherical, is 
about 3 x JO 8 cm. - 3A. (A ~ Angstrom unit — HU 8 cm.). 

Platinum wires can bo drawn to 10 1 cm. m diameter ; ordinary gold- 
leaf is 10~ 6 cm, thick ; the black parts of soap-films are 6 \ 10~ 7 cm. thick, 
and oil-films on water aro only 10" 7 cm. thick, or less. 

The distance of the nearest fixed star is reckoned m light-years, 1 light- 
year being the distance traversed by light (3 10 10 cm. /sec.) in a year, or 

J0 IS cm. It is incorrect to regard t lie minuteness of molecules as a counter- 
part of the vast interst ellar distances. The molecules are small, it is true — 
too small to be visible (when their presence would be confusing), but their 
refinement has not. been overdone. 


The mean free path. — The average distance, traversed by a gas 
molecule before collision with another is called its mean free path, L. 
Tills can be calculated from the ciAconity 77, of the gas, by the formula : 
L-- \ pi). Since the density D is proportional to the pressure p, 
the mean free path is inversely proportional to the pressure (77 is in- 
dependent of p). it is greater the lower the pressure, because the mole- 
cules are then less crowded together. From the mean free path the 
molecular diameter d is calculated by Maxwell’s formula 


J'lnNd 2 ' 


(4) 


where N - number of molecules per ml. (Loschmidt's nvmber.) 

In oxygen at S.T.P., L is very nearly 10" 5 cm. ; it is double this in 
hydrogen. At low pressures, p.g. in the space between the walls of a 
“ thermos ” flask, the free path is several cm., and a molecule rebounds 
from the opposite walls many times without encountering another. 

Molecular collision frequency. —During one second a molecule de- 
scribes as many free paths as it makes collisions, and the sum of the 
paths is equal to the average velocity c. Thus, the number of collisions 
of one molecule with others per second is cjL . In oxygen this is 
4-25 x I0 4 /10~ 5 = 4-25 x 10 9 . At very low pressures the mean free path 
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is 1 cm., but even then there will be 10 5 , or 100,000 collisions per 
second. 

If there are N molecules per cm. 3 the number of collisions of all the 

molecules per cm. 3 per sec. (the collision frequency) is \NcjL —-j^N B ird 2 c. 

(The factor 1 is inserted because in taking all the N molecules each 
collision is counted twice, each molecule being counted as making a 
collision with another and as being struck by the second one.) 

Since from equation (3) : 
and from equation (2) : 

_ 4 


t)7T 


■JW 


it follows that : 


where R=--S*3 x I0 7 erg./i 
lisions per cm. 3 per see. is 

Z^ZN'WJttRT/M, 


c = JIHUT/ttM), (f>) 

Hence the total number of molecular eol- 


-( 6 ) 


For two different kinds of molecules tlio number of collisions per cm. 3 per 
sec. is given by 





V2t tRT\I^ + J- 

' Mi M s 


(7) 


whore d u d 2 are tho diameters, xV 3 an<l A : 2 thenumhers per cm.**, c v C 2 the 
average velocities at the given temperature, and M, and M 2 tho molecular 
weights. 

Table of Molecular Magnitudes 


Number of molecules per ml. of gas at S.T.P. A 7 2 <19 x 10 19 . 

Number of molecules per gram-molecule (22-415 litres in ideal state at 
S.T.P.) = N- tl-03 x 10 23 . 

Mass of hydrogen atonic I -09 * lu~- 4 gm. 

Average velocity of hydrogen molecule at O ' - 1093 m./sec. 

Translational kinetic energy of a molecule at 0 5*1 M» / l()~ 14 erg. 

Rate of change of translational kinetic energy per T = 2 050 x 10~ w ©rg / 
degree. 

Diameter of hydrogen molecule -*- 2*4 - 10~ 8 cm. 

Mean free path of hydrogen molecules at S.T.P. -- 1 22 >< 10~ s cm. 

Average distance apart of gas molecules at S.T.P. 3 ■ 10~ 7 cm. 

Number of collisions per second of oxygen molecules per cm. 3 at S.T.P. = 
5*85 x 10 28 . 

Time of describing free path of oxygen molecules at S.T.P. = 2-3 x 10~ 10 
sec. 


Shapes of molecules, — The molecular diameter is calculated in various 
ways, e.g. from the viscosity of the gas. It is usually assumod that the 
molecule is spherical, and although this is roughly correct for diatomic 
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molecules it does not hold for rod -shaped molecules, such as carbon dioxide 
and nitrous oxide, for which a single “ diameter ” can have little meaning. 
Attempts have been made to determine tho distances between the atomic 
centres in such molecules, and these give a better picturo of the shape of 
the molecule than a fictitious diameter. 

The following table contains the values of molecular diameters in A. 
(10“* cm.) on the assumption of spherical molecules, as calculated from the 
viscosities. 


He 

NH 

H» 

2*72 

N a O 

4-66 

No 

2*00 

O, 

302 

NO 

3*76 

A 

3-00 

X 2 

3*78 

h 2 o 

4*60 

Kr 

416 

CO 

3*78 

I 1 ! 2 

5*40 

Xe 

4*92 

CO.. 

U00 

li«S 

4*64 


The distances between the lines in hand sped ra depend on the* moments 
of inertia of the molecules, hence tho distance’s between the atoms may be 
calculated from them. In tins and other ways it is found that in the gaseous 
and solid states the GO* and N 2 () molecules arO rod-shaped. Tho H 2 0 
molecule is a triangle with () at the apex ; the NH* molecule is a flat tetra- 
hedron with N at one apex and H at each of the other three. Methane 
GH 4 is a regular tetrahedron v\ ith the carbon atom inside. 

Avogadro’s number.-— Important constants in the kinetic theory are : 
jV~the number of molecules per ml. at S.T.P., and N =22415 x N~ 
the number of molecules in a gram-molecule, which is the same for all gases 
and is called Avogadro’s number. The value of N has been determined 
by several methods, with an accuracy of about I per cent. 

Determinations of N have been made from experiments in radio- 
activity, from experiments on colloidal , 

solutions (p. 257), on the electronic f 

charge (p. 22b), on the spectrum, the Ai yB 

radiation of heat, the formation of i - T — 

clouds, and the blue colour of the skv. 

The numbers obtained are in excellent Fkj. 73 - {Spinthariscope, 
agreement, and point to the real exist- 
ence of molecules. The best value of Avogadro’s number is probably 
H-0-03xlO» 

Values of Avooaoko’s NVmukr, N 

Classical kinetic theory - - 0 10" (approximately) 

Cloud formation - - S3 ■ 1 

Brownian movement - - - <>09 > 10" 

Radiant heat - - 0*03 a J0 a3 

Counting a-partieles - - 00.V-014 10 23 

Electronic charge - - <>*03 10". 

(1) The element radium emits atoms of helium called a -rays, with speeds 
of about 2 x 10° cm. per sec. (i.e. about 100,000 times bister than gas mole- 
culos) and largo kinetic energy. When a -rays from a particle of radium A 
impinge on a screen of zinc- blende /> in the spinthariscope of Crookes (Fig. 
73) each a-partielo causes a flash of light visible under a lens C. It was 
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possible to count the a -rays emitted in a given time, and by collecting 
the helium from a large amount of radium over a long period, to show that 
the volume of helium produced from 1 gm. of radium was 0*4fi rain, 3 
per 24 hours. By comparing this with the counted number of a -particles 
(helium atoms) from a known weight of radium in a given time, the 
number of molecules (atoms) per ml. of helium at S.T.P., i.e. A 7 , wa*s 
found to be 2*7 x 10 1B . Thence 22415 \ N - N 0*05 x 10 23 . 

$(2) A second method used by Rutherford and Geiger (1908), depends on 
the capacity of a -particles of making a gas through which they pass a con- 
ductor of electricity. A long glass tube A A' (450 cm. long and 2*5 cm. 
wide) (Fig. 74) was exhausted, and at the end A was placed a preparation 



of radium on a lead plate ( t , which expelled oc-particlcs. Some of these 
passed along the tube and through the narrow tube /> into the brass ionisa- 
tion chamber C\ where gas at low pressure was rendered conducting. A 
mica window F shut off gas from the exhausted tube AA'. Running 
axially through V and insulated from it by ebonite ends was a metal wire ta, 
which was connected through a battery and electrometer to the outer 
surface of the brass vessel. As each a-particle entered the ionisation 
chamber (at the rate of about one a second), it made the gas conducting and 
the electrometer gave a deflection. In this way the individual a -rays were 
counted, and the value N 6*14 x 10 23 was found. 

The specific heats of a gas. —When 1 gm. mol. of a gas is heated at 
constant volume from T° to (T 4 1)° abs., the heat absorbed is called the 
molecular heat at constant volume, ( i v - Mc r , where Af = molecular weight, 
c v = specific heat at constant volume. When the gas is heated at a 
constant pressure of 1 atm . it expands, doing work against the atmos- 
pheric pressure, and the heat absorbed is called the molecular heat 
at constant pressure, C p = Afc p , where c p - specific heat at constant 
pressure. 

If the gas is ideal, no heat absorption results from the change of 
volume alone ( cf . p. 118), and the difference of molecular heats (C p - C v ) 
will be equal to the external work done, viz. (pressure) x (increase of 
volume ) : 

Cp - C. = 'P(V - V) = P v _ x yvv =R 
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In a monatomic gas the heat absorbed increases only the kinetic energy 
of translation of the molecules, and for 1° rise of temperature this will 
be (p. ,122) : 


I 

T\ 2 / 




2-982 g. cal. 


Hence C v = 2*982 g. cal., C v -C v ~\ R -« 4-970 g. cal., hence for a mon- 
atomic gas 

( \ii \ = c v fc v - y - 4-970/2-982 * 1 -607. * 

Tf the gas molecule contains more than one atom, part of the heat 
supplied at constant volume is used up in increasing the kinetic energy 
of rotation of the molecule ; in addition, the energy of vibration of the 
atoms may be increased if the molecule is not rigid. If this total extra 
energy per 1° rise of temperature is denoted by E : 


CJC V 


SR -i R E ilR^R 
SR-'" E < :!R 


lf>f>7. 


The value of C\J(\ for a gas, the molecules of which contain more than 
one atom, is less than I -(>(>7, as the table below shows. 


Gas. 

For- 

mula. 

<\J<\ 

a t 15 

Gas. 

For- 

mula. 

W* 

at 15°. 

Helium - 

- He 

1 -667 

(Virbon dioxide 

- CO* 

1-302 

Oxygen - 

- o. 

i 306 

Nitrous oxide 

- N/) 

1 300 

Nitrogen 

• N, 

1 405 

Ammonia 

- NH, 

1-310 

Air - - 4N S 

» <\ 

1-403 

Sulphur dioxide 

- SO.. 

1-285 

Hydrogen 

- H* 

1 411 

Hydrogen sulphide 

- h 2 s 

1-340 

( Virbon monoxide 

- CO 

1 404 

Methane 

- Of. 

1-310 

Hydrogen chloride 

- HCI 

1-100 

Ethylene 

- <’ 2 H. 

1-250 

Chlorine 

- ci s 

i 355 

Steam - 

- HjO 

1-306(100°) 


Even gases containing the same number of atoms in the molecule 
(()*, Cb ; S() 2 , H 2 S) have different values of y : the lower values indicate 
additional rotations or vibrations in the molecules. 

The value 1-667 was found for mercury vapour by Kundt and Warburg 
(1876) and thus the monatomic character of the mercury molecule was 
confirmed. The method was used by Ramsay to show that argon and 
other inert gases are monatomic. 

The value of y is usually determined by methods depending on the 
formula for the velocity of sound : 

u sjyfj JJ - s fyRTIM for an ideal gas, 

or depending on the formula for adiabatic expansion : 

y 

pv y - const., or pT y ~ 1 - const. 

The specific heats of diatomic gases give values for the moments of inertia 
Emr 8 of the molecules and hence of r, the distance between the atoms. 

At low temperatures the rotational energy of hydrogen falls off, and at 
about - 230° C. becomes zero. The molecular heal is then C r; — 2-982, the 
same as that for a monatomic gas. This is explained by the hypothesis that 
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Hi© energy of rotation (and also of vibration of the atoms, if this form of 
energy is present) follows the quantum theory (p. 346), and decreases with 
temperature more rapidly at low temperatures than the value the 

classical expression for the energy of each degree of freedom of rotation, or 
U7 1 for each vibration. The rotational effect is measurable only with 
hydrogen and deuterium, but a decrease is found for the vibrational 
energy of other gases. 

U Molecular attraction.— It has so far been assumed that the forces 
exerted by gas molecules on one another are negligibly small. This is 
only approximately true. Gases are usually more compressible than the 
ideal gas obeying Boyles’ law, and this may be explained by assuming 
that the molecules attract one another, the attraction becoming greater 
the closer the molecules come together. When the gas is liquefied the 
molecular attraction is sufficient to prevent the spontaneous separation 
of the molecules in an open vessel. A liquid is much less compressible 
than a gas. and the compressibility ol‘ a gas falls off' considerably at high 
pressures. This (‘fleet is assumed to he due to the space .r occupied by 
the molecules, and if this is comparable u ith tin* total space r, only the 
intermolecular space (r ~.r) is available for compression. 

These t wo factors are taken into account by the equation of vander Waals, 
which replaces the ideal gas equation pe — TUT by : 

f/»+5) C-&KB7’, 

where a and b are constants. The term a/i? 2 is the molecular attraction 
correction, which is inversely proportional to the square of the volume 
and adds itself to the external pressure p : b is the correction for the 
space occupied by the molecules. According to van Her Waais, b is 
equal to four times the total volume actually occupied by the molecules, 
but it appears to be W2 times the latter. This equation gives good 
results with some gases (c.g. ethylene), but the attraction term depends 
on the temperature. 

Liquefaction of gases. — Ammonia gas was liquefied by compression 
by Van Marum, and in 1 700 by cooling, by Guyton dc Morveau. Sul- 
phur dioxide was liquefied 
by cooling by Monge and 
Clouet : in 1806 chlorine was 
liquefied by compression by 
North more. In 1823 liquid 
chlorine was again obtained 
by Faraday, by warming 
chlorine hydrate in one limb 
of a sealed A-tube, the other 
limb of w hich was cooled in 
Fig, 75. — Liquefaction of chlorine by Faraday. a freezing mixture (Fig. 75). 

Tn later experiments, Fara- 
day was able to liquefy hydrogen sulphide, hydrogen chloride, carbon 
dioxide, nitrous oxide, cyanogen, and ammonia ; but oxygen, nitrogen, 
and hydrogen resisted all attempts to reduce them to the liquid state, 
a*nd hence they were called permanent gases. 
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Most of the attempts relied on the application of pressure to the gases. 
Some gases may be liquefied by pressure without very strong cooling ; 
the pressures in atm. required to liquefy the gases at 0° are ; 

Sulphur dioxide 1 -53 Ammonia - - 4*26 

Chlorine- - 3*66 Carbon dioxide - 34-55 


Pressures up to 2000 atm. were tried without result by Natterer (1844) 
with nitrogen, oxygen, and hydrogen. & 

In 1869 Andrews discovered that a gas cannot bo liquefied by any 
pressure, however high, unless it is cooled below' what is called the 
critical temperature of the gas. Just below this temperature the gas is 
liquefied by the application of the critical pressure. The volume occupied 
by l gm. of a substance at the critical temperature and under the critical 
pressure is the critical volume. 

At the critical point liquid and vapour become identical, and it is 
possible to convert gas continuously into liquid without any separation 
into liquid and vapour phases. Cagniurd do la Tour in 1822 had shown 
that when a liquid such as ether is heated in a sealed tube. the liquid 
meniscus vanishes at a certain temperature and reappears at this 
temperature on cooling. 

The critical temperatures of the so-called permanent gases lie. below 
the lowest temperatures attained bv older experimenters. When it 
was elear that strong cooling was necessary and that high pressures 
alone could never succeed in the case of these gases, the problem 
was solved, independently, by 
Pictet and Cailletet in 1877. 

Pictet’s method. — Pictet used 
tho apparatus shown in Fig. 76. 

Oxygon generated in the retort P 
by boating potassium chlorate, 
was compressor! by its formation 
in a copper tube, cooled in liquid 
carbon dioxide L boiling under 
reduced pressure, and fitted with 
a pressure gauge Q and release 
valve N, The carbon dioxide was 
reliquefied by a pump 0 in a 
second copper tube; EF t sur- 
rounded by liquid sulphur dioxide 
boiling under reduced pressure, 
and circulated by a second pump. 

Pictet reduced the temperature to - 140°, and the pressure rose to several 
hundred atmospheres. On opening the release-valve N, a jet of liquid 
oxygen issued from it, at once boiling away. 



Fxu. 76.— - Liquefaction of oxygen by Pictet. 


Cailletet ’s method. — Cailletet compressed the gas by a powerful 
pump forcing water into a strong steel vessel B, Fig. 77, in which the 
gas was contained in a tube T, sealed below by mercury. Water forced 
into B drove the mercury into T and strongly compressed the gas. The 
pressure was then suddenly released by opening a valve which allowed 
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the water to escape, and the gas expanded suddenly and lienee without 
appreciable exchange of heat with the surroundings (adiabatic expansion). 

The work done by the gas against the 

J external pressure in expanding adia- 

batically is provided by the energy of 
the gas, and the decrease of the kinetic 
energy of the gas molecules causes a 
fall in temperature. In Oailletet’s ex- 
periment the temperature fell to the 
point of liquefaction of the oxygen. 
A fog of liquid droplets was seen 
momentarily in the tube, at once 
i vanishing as heat was communicated 

from the walls. 

Joule-Thomson effect.— The liquefac- 
u ^ ^j on a j r j n bulk V \ as effected in 1895, 

[ independently, by Hampson in Eng- 

MahtTU land and by Linde in Germany, by the 
S use of a new principle, viz. the Joule- 
* Thomson effect , investigated by Joule 

and William Thomson (later Lord 
Kelvin) from 1852 to 1802. When a 
compressed gas escapes into the free 
air through a plug of silk in a boxwood 
/(/ t. B tube, a slight cooling effect, occurs with 

i®' most gases (air, oxygen, nitrogen, car- 

bon dioxide), but with hydrogen there 

Fig. 77- Liquefaction of gases is a sli 8 ht heating effect..' 

by Cail let et . This temperature change is quite 

different from that due to the external 
work done by a gats in adiabatic expansion . If a given mass of gas, of 
volume (Fig. 78), is forced under a pressure p x through the plug into 
a space under a lower pressure p 2 (say \V\)> R occupies a larger volume 
v 2 . The work done on the gas is p x v v that done by the gas is p 2 v 2 . If 
the gas obeyed Boyle’s law, 

M=W's = : Vx=-Vi), "1 T" T 

and no external work would be 

done ; if no other effect w r ere ^ V ' K v s ~ 

involved there would be no _JJ __ 

cha,nge of temperature Since Km! 78.- -Oiagru.n illustrating free 
^2 greater than v x , the mole- expansion of gases, 

cules of the gas have separated, 

and since there is a slight attraction between them, internal work has 
been spent in separating them. The energy required for this internal 
work is taken from the gas, and a slight cooling results. Usually, 
both external and internal work are involved ; p 2 v 2 is slightly larger 
than p x v v since the gas is usually slightly more compressible than an 
ideal gas, and p t is greater than p 2 . A little heat is absorbed in 
providing this extra work p 2 v 2 - p x v lt but much more is absorbed to 
supply the internal work. 


-Liquefaction of gases 
by Caillelet. 


Fig, 78.- -Diagram illustrating free 
oxpansiori of gases. 
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Liquefaction of air. — Jn the case of air the Joulo-Thomson cooling 
effect in degrees C. is given by 

difference of pressures in atm. /273\ 2 

i x \tJ ’ 

where T x is the absolute temperature of the air before expansion. 

If air at 0° C., and under a pressure of 100 atm., is expanded through 
a valve to atmospheric pressure, the fall of temperature will be 
(99/4) x (273/2T3) 2 - 24-7 u . If tins cool air sweeps over the surface of 
a copper pipe, bringing compressed air to the valve } 

(Fig. 79), the expanded air takes heat from the air 
coming to the valve, becoming itself warmed nearly 
to the atmospheric temperature. The cooled com- 
pressed air after expansion becomes 30*3 colder, as 
the above formula shows, and this cold air sweeps 
over the inner tube, further reducing the temperature 
of the compressed air coming down. The cooling 
effect (tccinnulatex, and the air issuing from the nozzle 
finally becomes so cold that it liquefies. 

A diagram of an air liquefaction apparatus is 
given in Fig. HO. Air is drawn through purifiers 
to remove carbon dioxide and then compressed. 

The heat of compression is taken out by a cooler 
and the air passes through an apparatus in which 
moisture is removed. The compressed air then ex- 
pands through a jet and in so doing becomes cooled. 

The cold air sweeps over the outside of a spiral metal pipe bringing 


e 1 


; 


Fid. 79. — Cooling 
f gases by iroo ex- 
pansion 



■Lagging 


Expansion 

Jet 


-Liquid 

air 


Ftg. 80. — Production of liquid air. 


the compressed air to the jet, and so cools the compressed air before 
expansion. This cooling effect accumulates and finally the air becomes 
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so cold that it liquefies on leaving the jet. Liquid air as obtained 
from the liquefier is richer in oxygen than gaseous air. Usually it 
contains from 50 to 00 per cent by weight of oxygen as compared 
with 23 in gaseous air. 

Liquid air is kept in double-walled glass Dewar ( k * thermos ”) flasks 
(Fig. SI), the inner surfaces of which, silvered to reflect heat, have 
a high vacuum between them to cut down heat transmission to a 
minimum. 

Liquid air and liquid oxygen are stored in spherical metal vacuum 
vessels holding 5-30 galls., the inner vessel being suspended by a thin 
metallic neck and the annular space exhausted. A high vacuum is 
maintained by means of a tube of absorbent charcoal open at the end 
exposed to the vacuous space and with the other (closed) end immersed 
in the liquid air or oxygen. The daily loss is not more than 5 per 
cent. 

Liquid air is usually slightly t-urhid, because it contains particles of 
ice and solid carbon dioxide. If filtered through a large filter paper it 
is a clear liquid with a pale blue colour, due to liquid oxygen. If 
poured out into the air it evaporates, producing thick white clouds of 
condensed moisture. Its temperature is about - l DO , and when ex- 
posed to this extreme cold many substances undergo remarkable 
changes in properties. Lead becomes elastic, and rubber hard and 

brittle. Mercury is frozen to a malleable 
solid. Raw meat, fruits, flowers, etc., 
become hard, and can bo powdered in a 
mortar. A kettle containing liquid air 
“ boils ” briskly oil a slab of ice, and 
copious clouds of “ steam 11 (i.e. atmo- 
spheric moisture condensed to particles of 
ice by the cold of the escaping evaporated 
air) are emitted from the spout. The 
phosphorescence of calcium sulphide is 
quenched at the temperature of liquid air, 
but appears again on warming. Sulphur 
and mercuric iodide become much paler 
in colour on cooling in the liquid. 

Critical constants from van der Waals’s equation. — Van dor Waals's 

eqUati0n (}> l u/P)(J’ - b)—1lT, 

when multiplied out is a cubic equation in the volume V : 

R T\ rT a ah 
V V 

If the three roots are x v .r 2 , # 3 , then 

(V -xJiV -x 2 )(V -X a )~0. 



V 3 - V 2 b-\ — ) H V ■ 
V / 


•( 1 ) 


The three roots ma\ all be real, or one may he real and the other two 
imaginary. Hence for every value of p and T there are one or three 
values of V. The first ease corresponds with a real gas. At the critical 
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poifft the three roots become equal, and equal to the critical volume 
of 1 g. mol. : x x = V c ; hence 

(V ~ V ( f = F 3 - 3 V 2 V C -f 3 F F c 2 - F c 3 -0 (2) 

By comparing (1) and (2) and equating the coefficients of like powers 
of V it is found that 


b + RT c /p c = 3 F c ; afp r = 3F C 2 : ab/p 9 =V* 

(since when F = F c , the pressure and temperature are also the critical 
values). From these equations it is easily found that 


V c 36, p e - a/276 2 , T c = Sa/276E. 


.(3) 


Liquids. — The attractive force's exerted bv molecules on one another 
in the liquid state are considerable. In a liquid the molecules are close 
together, so that there are practically no fret' paths. 

Since the actual space occupied by spheres of radius r most densely 
packed is 0*74 of the total volume, if the molecules in a liquid are in 

contact, rjrrr’N ---0-74 F, 

where N is Avogadro's num her and F the molar volume ( — mol. wt./den- 
sity). This gives an approximate value of the molecular radius. 

A molecule in the body of a liquid is attracted equally in all directions 
and the resultant force on it is zero. The range of attractive forces is 
small ; van dor YVaals calculated an 
order of 10~ (: cm. Molecules in the sur - / 

face however, are subject to a resultant / \ 

attraction due to the unbalanced forces r ^ 

of the molecules below them, and are 
under a pressure tending inwards (Fig. 

82). This resultant force gives rise to 
surface tension. 




Fits 82. — Diagram indicating 
the range of molecular forces in 
a liquid. 


The attractive forces between molecules 
are not always uniform in all directions, 
but may proceed in one or two direc- 
tions only, as if the molecules were small 
magnets. The molecules in the surface 
will then mostly be arranged with the same parts pointing in one direction. 
Investigations of Kavlcigh (1899) indicated that the thinnest of oil films 
on water were uiiimolecular, and the formation of unimoleeular films has 
been proved in many cases by Langmuir and Harkins (from 1917). A drop 
of a solution of an insoluble fatty acid (or other substance) in benzene is 
brought on a perfectly clean surface of water. The solvent evaporates, 
leaving an isolated patch of film. By bringing a strip of paraffined paper 
across the surface of the water so as to enclose the film and the sides of 
the trough, a resistance is encountered when the film just fills the area 
between the strip and the edges of the trough. 

The aim of the film is then equal to the area A between the strip and the 
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sides of the trough, and since the weight w of the film is known, the area a 
occupied by a single molecule in the unimolecular film is given by : 

a-AM'rw N, 

where M is the molecular weight of the substance in the film and N is 
Avogadro’s number. The thickness t of the him can bo calculated on the 
assumption that the density is the same as that of the substance in bulk, S : 

8 . *1/ - M\ 

For fatly acids a is practically the same with varying lengths of chains 
of carbon atoms, so that it is assumed that the molecule is orientated verti- 
cally oil the water surhice with the carboxyl group GOOM of the acid 
immersed in the water and the ear bon ehain outside. 

Kinetic theory of evaporation. — Some molecules in a liquid have 
more than the average kinetic energy. Such molecules, on approaching 
the surface, have enough energy to break away from the attractive 
forces, and proceed outwards into the space above the liquid. This is 
the phenomenon of evaporation. 

Escape of molecules of higher kinetic energy reduces the mean energy 
of the liquid, which becomes cooler. To keep the temperature constant, 
heat must be added from outside : this is t lie latent heat of evaporation. 

Molecules in the vapour which approach tin* liquid an* attracted near 
the surface, describe curved orbits, and ma\ be caught by the surface 
and dragged into the liquid. They are accelerated in the Held of attrac- 
tion, and pass into the liquid with increased kinetic energy. Heat is 
therefore given out on condensation. Eventually, as many molecules 
leave the liquid as pass back again per second ; this is a condition 
corresponding with the saturation vapour pressure and is a kinetic 
equilibrium, due to two opposite processes going on at equal rates. 

Tf the forces acting on liquid molecules are as shown in Fig. 82, the 
work done in bringing a molecule from inside the liquid to the surface 
will be half that required to remove it altogether from the liquid to the 
vapour space, the latter being measured bv the latent heat of evapora- 
tion (Stefan, 1880). The translational kinetic energy of the molecule is 
the same in the liquid and vapour, since it depends only on the tem- 
perature. 

Molecular weights of liquids. — If the particles in a liquid move about 
as individuals, they have definite molecular weights. Molecules of 
more than one kind may be present. When the liquid molecule is the 
same as the gas molecule, the liquid is called a normal liquid. If it con- 
tains molecules formed by the association of simple molecules, it is 
called an associated liquid . 

Attempts have been made to find the molecular weights of liquids by 
measurements of surface tension . The product a [ V] 3 where a — surface 
tension in dynes per cm., V - molecular volume - M/L) (/> - density) in 
ml., is proportional to the surface energy of J mol of liquid in the form 
of a sphere, and was called by Eotvds, and by Ramsay and Shields, the 
molecular surface energy. This decreases with temperature t° C. according 
to the equation : 2 

o[V]i=k(t c -t- 6), 
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where k is a constant and t c is the critical temperature. For most 
liquids k is approximately 2*12, but in some cases, as with water, alcohol 
and acetic acid, it is smaller. 

For bromine, tr 44 at 111 ’ t c 302*2 ; M - 100(Br 2 ), V — 3/12 ; 

/ 100 \3 

k 44 ( J (302*2 J3-«) 2145. 

Since this is nearly 2-12, bromine is assumed to be normal. 

For water, a 73 at 15 <\, t v 370, M IS. J) - 1, lienee 

k 73 - ( 1 S)5 -(370 - 15 0) 1-497. 

This is smaller than the normal value, and water is assumed to be associa- 
ted. If the molecular weight of water is assumed to he x ■ JS, where x — 
degree of association, we may expect to get the normal value of k (since \Hx is 
the true molecular weight), hence by division : 

i'i 2* 1 2. 1*407: .r 1*59. 

In some cases (i\y. fused metals) the method leads to values of x smaller 
than 1 which are difficult to interpret, and the calculation of degrees of 
association, as above, is now regarded as of doubtful validity. 

Another indication of association is the value of the Trouton coefficient, 
Ml e (T 0 , whore / r is t he. latent heat of c\ aporation per gm., and T 0 the 
boiling point ahs. For normal liquids this is about 21, for associated 
liquids it is larger, <:.(/. 2<>*9 for alcohol and 25*9 for water. 

The Parachor. For a non -associated liquid the influence of temperature 
on the surface tension a is given by the relation Ma l l*/(P - d) const. — [7*], 
where 1) and d are tlie densities of liquid and vapour and 3/ -mol. wt. 
In many eases d can be neglected, (/'j is called by Sugdon the /xirachor, 
and is interpreted as the molecular volume at a standard internal pressure. 
The parachor is \ery nearly additiveh composed of a sum of terms for the 
separate atoms together with constants for the particular forms of linkages. 
Double bonds, rings, etc., have characteristic values, so that the paraelior 
has been used to determine the constitution of molecules. 

Solids. — Tn flic solid state it is assumed that each molecule performs 
oscillations of small amplitude about its fixed position of equilibrium. 
When heat is imparted to the solid, the amplitudes of the oscillations 
increase, and at a certain temperature the molecules collide with each 
other and break loose. This is the point of fusion. The molecules in a 
solid exert large* attractive forces on each other and in separating them 
work is done, which is equivalent to the latent heat ot fusion. Since the 
solid is only slightly compressible, there must be repulsive forces 
between the molecules which increase more rapidly than the attractive 
forces at small distances between the molecules. In the ordinary state, 
these t wo sets of forces an* in equilibrium. In some cases the particles 
in a solid are rotating (or at least swinging to and fro around an axis), 
as well as oscillating about fixed positions. 
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The process of building a solid structure from a liquid takes place round 
definite nuclei. Small crystal aggregates are formed at a small number of 
points, and radiating masses of crystals shoot out from these centres until 
the whole is solid. Crystallisation does not usually begin at the freezing 
point unless solid is present , but the liquid must be super-cooled. A solid, 
on the other hand, always fuses as soon as the melting point is reached, 
and cannot be permanently superheated. At the melting point, when solid 
and liquid are present, there is a condition of kinetic equilibrium. The 
solid state is not adequately described by the kinetic theory used for gases, 
but requires the quantum theory (see Chapter XXI). 

The molecular weight of a solid lias little or no significance, since the 
particles composing the crystal may not correspond with the molecular 
formula of the substance. In sodium chloride crystals, the individual 
particles are electrically charged sodium and chlorine ions, Na f and Ci~, 
not molecules of Naf U, and a diamond crystal consists of single atoms 
of carbon linked by strong forces to which the hardness and low vola- 
tility are due. The idea that a solid has a high molecular weight, so 
that the molecules in diamond are 0 W , for example, is incorrect. In 
crystals of organic compounds the individual molecules, such as C,oH 8 
in naphthalene, arc present, but in salts the crystals are usually lattices 
of separate ions. 

Solutions. — When a gas is brought in contact with a liquid, solution 
occurs until the concentration of dissolved gas is in a fixed ratio to that 
in the gas-space, as required by Henry’s law (p. (>4). A state of kinetic 
equilibrium is set up with equal numbers of gas molecules entering and 
leaving the liquid in unit time. 

The mass of gas impinging on the liquid surface per second is | Du (p. 
120) dJ c */ 077 — 0 2'M)L)J . c 2 . In oxygen at S.T.P., I) ~ 0 001 429 

gm. per ml,, \Zr-~4-Gl x 10 4 cm. per sec., the mass of oxygen striking 
1 sq. cm. of the liquid surface per second is 0*230 < 0 001429 x 4*61 x 10 4 
gm. — 15T gm. This contains 2 x l0'- :{ molecules, or the number in about 
10 litres. 

Some of the impinging gas molecules pass through the surface into 
the liquid, owing to molecular attraction. Some gas molecules moving 
in the liquid approach the surface, and if the kinetic energy of these is 
much above the average value, they will pass into the gas-space. This 
occurs the oftener the more gas molecules are dissolved. A state of 
equilibrium is reached when as many molecules enter as leave the 
liquid per second. 

When the pressure of the gas is raised, the number of molecules per 
unit volume increases, and the number striking the surface becomes 
larger in the same ratio. The number of molecules per unit volume in 
the liquid .also increases. Hence more molecules leave it than previously. 
When there is equilibrium, the same number leave as enter per second, 
but if the number entering is increased n times the number in unit 
volume of liquid also increases n times. This is Henry's law. 

If we imagine people walking into a room through one door and out 
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through another, so that as many enter as leave, then if they enter twice as 
often there will be double the number in the room, although they are also 
leaving it at twice the previous rate. 

When a solid dissolves in a liquid, molecules pass from their centres 
of oscillation on the surface of the solid, and in a saturated solution 
molecules are caught into positions of oscillation. An irregular or 
broken crystal suspended in a saturated solution tends to become more 
perfect in shape, one part dissolving and being deposited in another 
place. Ultrarnicroscopic experiments (Traube and von Behren, 1928) 
show that a crystal in dissolving is often broken up into small aggregates 
of molecules (mbmicroM), which, after a very short interval, disperse 
as molecules or ions. In forming crystals the reverse process occurs, 
strings of submicrons building up small u blocks ” of the crystal 
aggregate. 

Attempts have been made to find the radii of particles in solutions by 
assuming thorn to be spheres and applying Stokes’s law (p, 6) : 

v - 1 WTTrjr, 

where v is the mobility ( - speed under unit force on the particle) and 17 the 
viscosity of the liquid. The force may be an osmotic pressure gradient as 
in diffusion, or an electric potential gradient as in the? case of a migrating 
ion, or both combined as in t he diffusion of ions. This method gives good 
results only with large (colloidal) particles. 



CHAPTER XI 

OXYGEN ANL) OZONE 


History. — -Oxygon was first isolated by Sehoelo in 1772 and was dis- 
covered independently by Priestley m 1774 (j>. 30). Its elomentary nature 
was recognise* I b\ Lavoisier (]). 3,3). 

Occurrence. -Oxygen occurs in the free state as a gas of the molecular 
formula 0 2 , to the extent of 21 per cent- by volume or 23 per cent by 
weight in the atmosphere, and takes part in processes of combustion ; 
its biological functions in respiration make it important. The gas is 
sparingly soluble in water, but the small quantity dissolved is essentia] 
to the life of fish. 

Combined oxygen occurs in water, in vegetable and animal tissues, in 
nearly all rocks and in many minerals : it occurs to a larger extent 
(about .70 per cent) in the earth’s crust- than any other element. 



Kkj. 8.3. — Decomposition of steam by chlorine*. 

Preparation from water. - Oxygen is obtained from water by passing 
a mixture of steam and chlorine through a strongly heated silica tube 
containing pieces of broken porcelain : 

2H 2 0 i 2(!l a ~4HCl t0 2 . 

The hydrogen chloride is removed by a wash-bottle containing sodium 
hydroxide solution and the oxygen collected over water (Pig. S3). 

Oxygen is evolved at the positive electrode in the electrolysis of 
acidulated water (p. 40) : = 2H ^ ^ 
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A sol ut .on of barium hydroxide with nickel electrodes may also be 
used, but on prolonged electrolysis an explosive mixture of oxygen and 
hydrogen may be evolved at the positive electrode. 

Prepa:ation of oxygen from oxides. — Oxygon may bo obtained by 
heating some metallic oxides. Mercuric oxide strongly heated in a hard 
glass ti be decomposes ; globules of mercury collect in the cooler parts 
of the ;ube and oxygen gas is evolved ; if collected over mercury it 
is pirn and dry: 2HgO-2H K , 0,. 

Silve- oxide decomposes at a lower temperature than mercuric oxide : 
2Ag 2 0~4Ag * 0,, 


and when prepared by precipitation of silver nitrate solution by pure 
potassium hydroxide solution in absence of atmospheric carbon dioxide, 
the silver oxide gives very pure oxygen. 

Higher oxides of metals decompose on heating into oxygen and lower 
oxides. Barium peroxide decomposes into oxygen and barium monoxide 


(baryta) : 


2Bat) 2 = 2BaO T 


Black manganese dioxide decomposes at a hiight-rwl heat, giving off 
oxygen and leaving a brownish-red lower oxide, trimanganie tetroxide 

Mn3 ° 4 : .'iMnOo - Mn.,0, ; (),. 

Manganese dioxide evolves oxygen more readily when heated with 
concentrated sulphuric acid : 

2M nO« i 2H.,S() 4 ~2MnSO, 2H«0 > () 2 . 

Red lead Pb s 0 4 on heating evolves oxygen and leaves yellow lead mon- 
oxide PbO: 2Pb 3 O 4 = 0PbO i 0 2 . 

Lead dioxide Pb0 2 , a plum-coloured powder, evolves oxygen on heat- 
ing and leaves lead monoxide PbO : 

2Pb().> - 2PbO 0 o . 


Oxygen is evolved by dropping water oil sodium peroxide Nft 2 0 2 , but 
this experiment may result in an explosion since some metallic sodium 
may be present in the peroxide 

2Na 2 0 8 i 2H,0 -4NaOH ^ ()„. 

Preparation of oxygen from salts.— Some salts containing oxygen 
evolve oxygen gas on heating. 

Nitre or saltpetre, potassium nitrate KN() ;} , on heating melts and at a 
rather high temperature gives off bubbles of oxygen, leaving potassium 
nitrite KN0 2 , which solidifies on cooling : 

2KNO ; j - 2KN0 3 s 0 2 . 
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Potassium chlorate crystals heated in a hard glass tube melt fib 360° and 
then evolve oxygen : (l) 2KC10 3 - 2KC1 f 30 2 . 

As the reaction proceeds the evolution of gas slackens ant, the salt 
becomes pasty, finally almost solid, and at this stage the resilue con- 
tains potassium chloride and potassium perchlorate KC10 4 : 

(2) 4KC10 3 - 3K010 4 + KOI. 

If the temperature is raised the mass fuses again, oxygen is evolved 
and finally solid potassium chloride remains : 

(3) K0IO 4 «KCl + 2O a . 

Reactions ( I ) and (2) proceed i ndejwndently from the commencement and 
equations showing the simultaneous formation of oxygen, chloride and 
perchlorate in a definite ratio are regarded as inaccurate. The oxygen 
obtained from chlorate may contain a little chlorine, which is removed 
by washing with sodium hydroxide solution. 

A solution or paste of bleaching powder heated with a few drops of 
cobalt chloride solution evolves oxygen. The bleaching powder s >lution 
contains calcium hypochlorite Ca(OCl) 2 . Tins precipitates from a 
cobalt salt solution a black higher oxide of cobalt, Co 2 0 3 or 0oO 8 , in 
presence of which the calcium hypochlorite is rapidly decomposed with 
the formation of calcium chloride and evolution of oxygen : 

Oi(lX1) 2 =CttCl # + 0 8 . 

The cobalt oxide appears to undergo no change, but probably 
undergoes alternating oxidation and reduction, acting as a catalyst 
(p. 142). 

Potassium permanganate KMn0 4 , which forms purple (almost black) 
crystals, on heating at 240° evolves pure oxygen without fusing, the 
crystals falling to a black powder of a mixture of potassium mapganate 
K 2 Mn0 4 and manganese dioxide : 

2KMn0 4 - K 2 Mn0 4 -f MnO.> 4 0 2 . 

If tho cooled black residue is thrown into a large beaker of water, the 
potassium manganate dissolves to a green solution w Inch almost immediately 
becomes pink from tho conversion of the manganate into permanganate by 
the action of the carbon dioxide dissolved in the water. By adding a little 
sodium hydroxide solution (which combines with the carbon dioxide) to 
the water before the experiment, the green colour remains but becomes 
pink on adding dilute sulphuric acid. 

Potassium permanganate explodes violently when heated with con- 
centrated sulphuric acid, but when hydrogen peroxide solution is mixed 
with a solution of the permanganate and diluted sulphuric acid, the 
two compounds decompose each other, forming a nearly colourless 
solution, and oxygen is evolved : 

2KMn0 4 + 3H 2 S0 4 + 5H 2 0 2 - K 2 S0 4 + 2Mn>S0 4 + 8H 2 0 + 50 2 . 
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A solution of 5 gm. of KMn0 4 in a cooled mixture of 100 ml. of water and 
50 ml. of concentrated sulphuric acid is dropped from a tap-funnel into 100 
mi. of 20-volumes hydrogen peroxide in a think. The oxygon evolved 
collected over water. 

Chromium trioxide Cr0 3 , which forms red crystals, melts on heating 
and at about 420° evolves oxygen, leaving a green residue of chromic 
oxide (a little chromium trioxide sublimes) : 

4Cr0 3 = 2Cr,0 3 \ 30 2 . 

Potassium dichromate K 2 Cr 2 0 7 , which forms bright-red crystals, melts 
on heating and when xtromjly heated evolves oxygen, leaving a mixture 
of yellow potassium chromate K 2 ( 1 r() J , soluble in water, and green 
chromic oxide Cr 2 0 3 , insoluble in water : 

4K 2 O 2 0 7 -4K 2 CY0 4 4 2Cr 2 0 3 30 2 . 

Chromium trioxide and potassium dichromate evolve oxygen when 
heated with concentrated sulphuric acid, chromic sulphate being 
formed : * 4 e r 0 3 , (;h 2 KO, - 2< !r 2 (N0 4 ) 3 <>II 2 0 * 30, 

2K 2 Cr 2 0 7 + 10H.,S0 4 - 4 KHNO, t 2Cr 2 (S0 4 ) 3 i SH 2 0 4 30 2 . 

Laboratory preparation of oxygen.— -Potassium chlorate decomposes 
at a much lower temperature if previously mixed with manganese di- 
oxide. Only the chlorate is decomposed, and in this case no perchlorate 
is formed : 2K010 3 -2KC! -30,. 

This reaction is generally used in the laboratory for the preparation 
of oxygen .f 

A mixture of 25 gm. <4 potassium chlorate with 5 gin. of manganese 
dioxide {oxygen mixture) evolves oxygen freely when heated in a glass tube 
at a temperature below the melting point of the chlorate. The heating 
must be carefully regulated, as the decomposition of potassium chlorate, 
unlike that of mercuric oxide, crolrea heat and under certain conditions 
may become explosive. 

The oxygen mixture is heated in a large test-tube clamped in a hori- 
zontal position and fitted with a fairly wide glass delivery tube passing 
through a cork in the test-tube and clipping at the other end under 
water in a pneumatic trough. Over this end is supported a glass 
cylinder full of water and standing on a beehive shelf in t he t rough (Fig. 
84). The mixture is cautiously heated with a small flame, beginning at 
the end near the cork, and the flame is withdrawn from time to time 

* The residue from potassium diehromuto and sulphuric acid is practically in- 
soluble in water. 

f The student should remember that only some of the reactions of preparation 
of substances are normally used ; purr oxygen is host prepared by heating potas- 
sium permanganate or by the interaction of aciditied permanagnate solution and 
hydrogen peroxide. Oxygon may he dried hy means of calcium chloride, con- 
centrated sulphuric acid or phosphorus pentoxide, and must then be collected 
over mercury. 
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'when the evolution of gas begins to be violent. The delivery tube must 
be taken out of the water before the test-tube is allowed to cool, since 
otherwise water will be forced back into the hot tube and crack it. 



Kio SI — Preparat urn of oxygon 


Warning. — Manganese dioxide adulterated with powdered coal or anti- 
mony sulphide explodes violently on hunting with chlorate. Serious and 
even fatal accidents have been caused in this way, and a little of the mixture 
should always lie heated m an open test-tube before beginning the experi- 
ment in order to be sure that no deflagration occurs. 

Catalysis. -The manga nesc dioxide in the oxygen mixture undergoes 
no permanent chemical change 1 in the reaction and may bo recovered by 
dissolving out the potassium chloride, from the residue with water. 
Other oxides such as ferric oxide and cupric oxide act similarly, and 
are also left chemically unchanged after the reaction. 

This action was discovered by Dobereiner in IS20 and is an example 
of what was called contact action by Mitsoherlieh in IS33 and catalysis by 
Berzelius in JK3o. 

A catalyst i> s* a substance which accelerates a chemical reaction trithoul 
itself undergoing any permanent chemical change. 

If several products are obtainable in a react ion, a catalyst may he able 
to direct the course of the reaction. 

The catalytic action of manganese dioxide was explained by McLeod 
(1889) as due to a cycle of reactions : 

2KG10 3 + 2Mn0 2 — 2KMnO, , (1H), 

2KMn(), - KgMnOj l-Mn0 2 -j 0 2 
KjjMiiO, r V\ s 2KCI !- MiiO« I O,. 

Fowler and < Ironfc (1890) supposed that, a higher oxide of managnese is 
alternately formed and reduced : 

K( '10 3 i 2Mii(> 2 KOI i Mn 4 0 7 
2Mn,O v 4Mn() 2 i 30,. 

Fuse some potassium chlorate in two hard glass tubes. To one add a very 
small quantity of manganese dioxide (or better Mij ;i 0 4 ), to the other a very 
small quantity of chromic oxide 0r 4 0 a . Observe that (i) oxygen is evolved ; 
(ii) the fused salt becomes permanently pink (KMn0 4 ) and yellow (K 2 0r0 4 ), 
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respectively. KMn0 4 cannot exist alone at the temperature of the fused 
chlorate, hence it must be continuously decomposed and reproduced by a 
cycle of reactions. A little ferric oxide Fe a O s produces a violont effer- 
vescence, and on cooling the mass is slightly pink from the formation of 
potassi tun ferrate, K 2 F e0 4 . 

McLeod observed that pieces of manganese dioxide put into fused chlorate 
break up into a very fine powder. The physical state of the manganese 
dioxide changes, which suggests that it has entered into reaction and is 
reproduced. 

It may be difficult to see how manganese dioxide can exert any action on 
solid chlorate, since the catalytic effect occurs below the fusion point of the 
latter. Hut some local fusion probably occurs on account of the heat 
evolved in the reaction (flashes of light are always seen), and in any case 
L. H. Parker (1914 IS) has shown that chemical action may occur between 
solids. The reaction : 

HaCOg -f Na 2 S<) 4 - l$aSl) 4 i Ntt 2 (X) 3 , 

and the reverse reaction, take place to a limited extent when the dry 
powdered mixture is heated short of fusion, or simply triturated in a dry 
mortar. Reaction also occurs in the dry powder when it is strongly com- 
pressed, as was shown by Spring. 

Physical properties of oxygen. — Oxygen is a colourless gas, without 
smell or taste. It is slightly heavier than air. It is sparingly soluble 
in water. Oxygen is di II j cult to liquefy, b.pt. - 183*0°: the liquid is 
pale blue in colour and is appreciably magnetic. At still lower tem- 
peratures light- blue solid oxygen is obtained, rn.pt. - 218- 1°. It should 
be noted that solid oxygen cannot be obtained by rapid evaporation 
of the liquid (as can solid nitrogen) ; the liquid must be cooled in liquid 
hydrogen. 

Combustion. — The combination of substances with oxygen, with 
the evolution of heat and light, is called combustion. Substances 
which burn in air burn with much greater brilliancy in pure oxygen, 
since the nitrogen in air acts as a diluent, absorbing part of the heat 
given off in combustion. Some substances, such as phosphorus, 
oxidise slowly when exposed to air without catching fire, because the 
heat produced by oxidation is dissipated too rapidly to raise the tem- 
perature to the ignition point. 

Finely divided phosphorus, obtained by the evaporation of a solution 
of phosphorus in carbon disulphide poured on filter paper, takes fire 
spontaneously in air. 

Finely divided lead, called pyrophoric lead (made by heating lead 
tartrate), glows in air and fumes of lead oxide are formed. 

Precipitate a solution of lead acetate with a solution of tartaric acid. 
The w hite precipitate of lead t art rah*, Pb(\ ) H 4 O fl , is filtered, washed, and 
dried in a steam-oven. Small portions are placed in narrow tubes, sealed 
at one end and drawn out at the other. The tartrate is heated until fumes 
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are no longer evolved, and the tubes are sealed. If a tube, after cooling, is 
cut with a hie and the finely divided pyrophoric lead shaken out, the metal 
glows brightly, forming yellow fumes of lead oxide PbO. 


Combustion of non-metals in oxygen. — Some non -metallic elements, 
such as phosphorus, sulphur, and carbon, burn in oxygen to form acidic 
oxides , i.e . oxides which form acids on solution in water (see p. 74). 
Hydrogen on combustion forms water, which is a neutral oxide , i.e . has 



Fig . 85, — Gas jar and 
deflagrating spoon. 


no acidic or basic reaction. 

In the combustion of solids such as phos- 
phorus, sulphur and carbon in oxygerp the 
substance contained in the howl of a deflag- 
rating spoon is kindled and placed in a jar of 
oxygen (Fig. 85). 

(1) White phosphorus is cut under water, a 
small piece rapidly dried by pressing between 
filter papers, and put. in the spoon with dry 
crucible tongs. The dry phosphorus must on 
no account he handled with the fingers as it may 
take fire. The phosphorus is kindled by touch- 
ing it with a hot wire and put into the jar, 
when it burns in the oxygen with an exceed- 
ingly brilliant white flame, producing a white 
cloud of phosphorus pentoxide which settles 
in flocks on the inside of the dry jar : 

P 4 4 50 2 ~2P 2 0 5 . 


When water is poured into the jar the oxide dissolves and phosphoric 
acid H 3 P0 4 is formed, which changes the colour of blue litmus solution 


to red : 


PoOr, 4* 3H*0 =- 2ILPO. 


(2) A piece of roll sulphur when kindled in a spoon burns with a bright 
blue flame when introduced into a jar of oxygen. The gas sulphur 
dioxide S0 2 is the main product of the combustion, but a little solid 
sulphur trioxide S0 3 is also formed, which makes the gas slightly 

cloud y: n~o 2 =so„ 

2S ■+ 30 2 =2K0 3 . 

When shaken with water, the products of combustion dissolve, forming 
a solution which reddens litmus : 


50 2 + H 2 0 ~ H 2 S0 3 sulphurous acid 

50 3 \ H 2 0 = H 2 S0 4 sulphuric acid. 

(3) A piece of wood charcoal strongly heated in a spoon burns bright- 
ly, often throwing off bright sparks, when placed in oxygen. Carbon 
dioxide C0 2 is the chief product of the reaction, although a little carbon 
monoxide CO is generally formed : 

C + o 2 -co.. 
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When the gas is shaken with water, a little carbon dioxide dissolves 
forming a solution of the very weak and unstable carbonic acid H 2 C0 3 , 
which changes the blue colour of litmus to a port- wine red colour : 

oo 2 +h 2 o-h 2 co 3 . 

If another jar of carbon dioxide is prepared and the gas is shaken 
with lime water, this becomes milky from the formation of a precipitate 
of calcium carbonate CaC0 3 : 

Oa(OH ) 2 + C0 2 = 0aC0 3 -i II 2 0. 

(4) A jet of hydrogen gas, prepared by the action of dilute sulphuric 
acid on zinc (see p. 162), burns in a jar of dry oxygen, producing water 
which condenses as a dew on the inside? of tiie jar (Fig. 86) : 

2H 2 + 0 2 = 2H 2 0. 

If a jet of oxygen is thrust into an inverted jar of hydrogen burning at 
the mouth, the oxygen takes fire and continues to burn in the atmos- 



Fiu. 80.--- Hydrogen burning m Fig. 87.— Oxygen 

oxygen. burning in hydrogen. 


phere of hydrogen (Fig. 87). The terms combustible and supporter of 
combustion are therefore relative. 

(5) Dry barium or strontium chlorate is heated in a vertical spoon 
until it evolves oxygen freely. A globe of coal gas is then lowered over 
the spoon (Fig. 8S). The oxygen from the chlorate, if the latter is 
sufficiently heated, takes fire, and burns violently in the coal gas, the 
flame being coloured intensely green or crimson by the volatile barium 
or strontium compounds, respectively. 

Combustion of metals in oxygen. — Some metals when strongly heated 
bum in oxygen to form oxides. These oxides are nearly always basic 
oxides , i.e. oxides which form salts with acids (p. 74). Other metals do 
not burn in oxygen, but combine with it on heating to form oxides. 

(1) Sodium and potassium, when heated in iron deflagrating spoons 
until they begin to burn and then lowered in dry jars of oxygen, burn 
with bright yellow and lilac flames, respectively, forming orange-yellow 
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solid higher oxides, sodium peroxide Na 2 0 2 and potassium dioxide KO g . 
These when cold may be dissolved in wafer with evolution of oxygen and 
formation of alkaline solutions which 



turn red litmus blue and contain 
sodium and potassium hydroxides: 

2Na-i 0 2 -Na 2 0 2 
sSNogOjj ! 2H..6 4NaOH i 0 2 ; 

* Ki 0 2 -K0 2 

4K0 2 , 2H a O = 4KOH + 30 8 . 

(2) Magnesium ribbon held in crucible 
tongs, ignited in air and inserted into 
a jar of oxygen, burns with a blinding 
white light, forming white solid mag- 
nesium oxide MgO, which is a sparingly 
soluble basic oxide and turns moist red 
litmus paper blue. 

(3) A piece of calcium when strongly 
heated in an iron deflagrating spoon 
burns brightly in oxygen, forming cal- 
cium oxide CaO, which turns moist red 


------ 


litmus blue : 


Kin 8N Apparatus lor 
combustion 


2( \‘l -t 0« - 2( ’a() 
Cat) ■+■ IT>0 -- Ca(()H ) 2 . 


(4) A spiral of iron win* tipped with a bit of burning wood burns 
brilliantly, giving >lf bright sparks, when lowered into bottle of 
oxygen (Fig. 89). Ferrosoferrie oxide Fc 3 () 4 formed in fused 
globules, which fall on a layer of sand. It has no 
action on litmus : 


3Fe i 20 2 = Fc 3 0|. 

Since ferrosoferrio oxide may he regarded as a 
compound of ferrous oxide and ferric oxide, 

FcO i- Fe 2 0 3 = Fe 3 0 4 , it is sometimes called 
mixed oxide. 

Heat of combustion. — By the combustion of 
substances in oxygen large amounts of heat are 
given out*. In everyday life we make use of the 
combustion of coal or gas in air (containing free 
oxygen) as a source of heat. Chemical reactions 
accompanied by an evolution of heat are called 
exothermic reactions. 80 .-- Iron wire 

In the decomposition of mercuric oxide heat urmn k m ox yk en - 
must be supplied, and a reaction which is accompanied by absorp- 
tion of heat is called an endothermic reaction. 

Tests for oxygen. — A test for pure oxygen (or a large proportion of 
oxygen mixed with an indifferent gas such as nitrogen) is the kindling 
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of a glowing chip of wood ; the only other gas which responds to this 
test and might he mistaken for oxygen is nitrous oxide N 2 0. The two 
are distinguished by the fact that nitrous oxide is much more soluble 
than oxygen in water, and by the formation of red nitrogen dioxide N0 2 
with free oxygen but not with nitrous oxide (unless it contains some 
free oxygen) : 2 NO , <) g - 2XO t . 

The nitric oxide test w ill detect free oxygen when present in a mixture 
which does not respond to tin* glowing chip test. 

Determination of oxygen. — ()x f \goii is absorbed from gaseous mixtures in 
gas analysis by : (i) a solution of pvrogallol and caustic potash, winch turns 
black ; (ii) phosphorus (tins does not glow in pure oxygen) ; (iii) an acid 
solution of eh 1*011 ions chloride, which turns from blue to green owing to the 
formation of chromic chloride : 4( , r( , l <i 1 (), f-4H(’l 4('K 1 l a -r 24LO ; (iv) 

by mixing the gas with excess of hydrogen and sparking m a eudiometer, 
or adding enough hydrogen (<> form a non-explosive mixture and passing 
over platinised asbestos at a dull-red heat (or gently heated palladium), 
when water is formed ; otic-third of the contraction of the gas then repre- 
sents the oxygen contained in it : 211., , () 2 ~ 2 H .>() (liquid). The last 
method can lie used only m the absence of other gases which react with 
cither oxygen or hydrogen under the conditions of experiment (e.g. hydro- 
carbons or nitrous oxide). 

Oxygen from air. Oxygen may be obtained from the atmosphere, 
which is a mixture of oxygen arid nitrogen (and a little argon), by heating 
mercury in a confined volume of air, when the oxygen forms mercuric 
oxide (Lavoisier’s experiment, p. 33). and then heating the oxide strongly 
when pure oxygen is evolved (p. 14). 

If yellow lead monoxide or massicot PbO is carefully heated in an 
iron dish and freely exposed to air. it takes up oxygen and forms red 
lead, the atmospheric nitrogen being unabsorbed : 

<>PbO -t O a 2Pl> 3 0 4 . 

Red lead on heating more strongly decomposes into massicot and oxy- 
8° n : 21>b 3 (),— bPbO i ()o. 

When steam is passed over sodium maiiganufc heated to dull redness in a 
copper tube, oxygen is evolved : 

4Na.,Mn(> 4 + 4H,(> SNaOtl , 2Mn ,0 3 f 30,. 

By passing air over the heated mixture oxygen is taken up and sodium 
innnganate is formed, the nitrogen passing on : 

SNaOH + t 30, 4Na,Mn() 4 4 414,0. 

The manganate may now be decomposed by beating in a current of steam, 
when the oxygen taken up from the air is liberated by the first reaction, 
and the processes may be repeated. 

Barium monoxide or baryta BaO takes up oxygen from air when 
heated to dull redness, forming barium peroxide Ba0 2 . The nitrogen is 
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not absorbed. Barium peroxide on heating to bright redness evolves 
pure oxygen, leaving barium monoxide. The two reactions : 

2BaO 4- O a =2BaO a (dull red heat) 

2Ba0 2 ^2Ba0 i 0 2 (brujht red heat) 

can both take place under suitable conditions, and each reaction may be 
said to be a reversible reaction. This is expressed by writing the equation 
in the form: 2BaO i -O^BaO,, 

the arrows showing that it may take place in either direction. 

These reactions were the basis of the now obsolete Brin process. In 
this two different pressures were used instead of two different tempera- 
tures. 

Baryta was heated to dull redness in purilied air m iron retorts under 
pressure, when it absorbed oxygen forming barium peroxido. The atmos- 
pheric nitrogen was removed by a pump and the pressure reduced, when the 
peroxido decomposed, evolving pure oxygen. 

Barium peroxide heated in a closed vessel at a constant temperature 
decomposes into baryta and oxygen. The oxygen molecules by collision 
with the baryta form barium peroxido again. A state of equilibrium is set- 
up at a definite pressure of oxygen. If tlio pressure of oxygen is raised the 
collisions become more frequent, combination takes place, and oxygon is 
absorber! by the baryta. If the pressure of the oxygen is decreased, more 
peroxide decomposes, since less oxygon returns to it by collisions, and if gas 
is continuously pumped off all the peroxide is decomposed (see p. 290). 

Technical preparation of oxygen. -V arious methods have been used 
for the large-scale production of oxygen, but at present the two mostly 
used are the electrolysis of water (with simultaneous production of hydro- 
gen), and the fractional distillation of liquid air. 

One typo of electrolytic apparatus consists of an iron tank containing a 
solution of caustic soda, in w hich arc immersed a number of iron boll-jars, 
each provided wdth an insulated iron electrode dipping below the mouth of 
the bell. The electrodes arc connected to the positive and negative poles of 
a dynamo, and the oxygen and hydrogen gases liberated pass inside the 
bell-jars and are led off through pipes. 

Most of the oxygen made is obtained from liquid air. This is obtained, 
as described on p. 131. in an apparatus using the doule-Thomson effect 
of free expansion. 

In the Claude process the compressed air is used to work an expansion 
engine, when the heat equivalent of the work done is extracted from 
the air ; in this way it can be cooled through 75°. 

The liquid air is a mixture of liquid nitrogen (boiling point - 196°) 
and liquid oxygen (boiling point - 1 83°). The nitrogen is more volatile 
and tends to boil off first in evaporation, although some oxygen evapo- 
rates with it. The separation of the two gases is brought about by 
letting the evolved gas bubble through liquid air rich in oxygen in a tall 



149 


xi J TECHNICAL PREPARATION OF OXYGEN 

rectifying column. The oxygen in the gas condenses and nearly pure 
nitrogen gas passes off, leaving nearly pure liquid oxygen which is then 
evaporated. At first sight it might seem possible to obtain oxygen from 
liquid air by allowing the more volatile nitrogen to boil off, leaving the 
liquid oxygen. The boiling points are too close to allow of this and the 
figures in the table below (from Linde’s experiments) show that such a 
process would be attended by great loss and could never give oxygen 
pure enough for industrial use. (Weight percentages are shown.) 
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The proeess introduced by Linde in 1902 uses fractional distillation in 
a rectifying column in which t lie escaping gas is scrubbed by liquid 
passing in the other direction. Claude in 1900 introduced the principle 
of liquefying tin* air in stages, obtaining 
two liquids, one rich in oxygen and the 
other in nitrogen, which arc* poured into 
the rectifying column at the appropriate 
places. The column shown in Fig. 90 is 
used in the Claude processes. 

Compressed air which lias boon cooled by 
expansion m an engine enters at A , when it 
partly liquefies and enters a vessel contain- 
ing two sets of vertical tubes H. Liquid 
richer in oxygen drains into A while gas 
richer in nitrogen nsos and passes through \ 
the outer ring of tubes. Both sets of tubes 
are cooled in liquid oxygen in #S\ The part 
liquefied in the outer ring is richer in nitrogen 
(since the gas is under increased pressure it 
JiquefioK at the temperature of the liquid 
oxygon) and the liquid rich in nitrogen col- 
lects in the annulus C. This nitrogen -rich 
liquid is sent to the top of the upper recti- 
fying column, where the nitrogen tends to 
hoi] off. Into this column the oxygon -rich 
liquid from A is discharged at L. The liquid 
running down the column I) moots gas rich 
in oxygon rising from N. The liquid loses 

its more volatile constituent nitrogen as p 10 qq -Liquid air frac- 

gas, whilst the rising gas is robbed of its tionating column. 
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less volatile constituent oxygen by the liquid, the heat of condensation 
of the oxygen serving to evaporate the nitrogen. Finally, nitrogen gas 
escapes at the top of the column and liquid oxygon drops into S where it 
evaporates, the gas passing through boat intorehangors to compressors, 
which pump it into steel cylinders for sale. In practice it is not economical 
to make both pure oxygen and pure nitrogen with the same apparatus ; 
when oxygen is made a nitrogen -rich gas is waste and when nitrogen is 
made an oxygon-rich gas is waste. Sometimes another fractionating 
column below the apparatus is usod. 

Oxygen gas is used in blowpipes with hydrogen, eoal gas and acetylene 
for welding and cutting metals (p. H>9). It is used in some industrial 
processes and medicinally in cases of pneumonia and gas poisoning, 
and mixed with nitrous oxide, ether vapour or oilier anaesthetic!. Some 
carbon dioxide is often mixed with the oxygen, as this stimulates 
breathing, and carbon dioxide is also used in cases of poisoning and 
collapse for restoring respiration. Liquid oxygen mixed with powdered 
charcoal has been used as an explosive. 


Ozone 

History. — Van Marum in 1785 found that oxygen gas through which 
an electrical discharge had passed had a peculiar smell and tarnished 
mercury. This smell is easily noticed in a physics laboratory when ex- 
periments on eleetrostaties are in progress. (Vuickshank in 1801 
observed the same smell in electrolytic oxygen, but the fact that it 
is due to a particular gas was first recognised in 1840 by Sehonbein, 
who gave the substance the name ozone (Greek, ozo, 1 smell). He 
found that it is also produced by the slow oxidation of phosphorus in 
moist air, is decomposed by heat, and is a powerful oxidising agent, 
liberating iodine from potassium iodide solution. 

Occurrence. — The invigorating properties of sea air are popularly 
attributed to “ ozone ’’ and this is produced by electric discharges in the 
atmosphere} and especially by the action of ultra-violet light from the 
sun on the oxygen in the upper layers of the atmosphere. According to 
Paneth (1938) ordinary air contains one millionth of a per cent by 
volume of ozone. If present in air in larger amounts than 1 in 20,000 
ozone has an irritating action on the mucous membranes and is 
poisonous. 

Preparation of ozone. —A few sticks of phosphorus freshly scraped 
under water are placed in a stoppered bottle with a little water. When 
the fumes have subsided a piece of paper dipped into a solution of 
potassium iodide and starch ( lk starch-iodide paper ”) introduced into 
the bottle is turned blue from liberation of iodine by the ozone formed : 

2KI + Ojj 4 H 2 0^2K0H ^ () 2 t I 2 . 

It is difficult to obtain pure ozone (which is explosive), but a mixture 
of ozone with oxygtui or with air is easily made by the action of a silent 
electric discharge ” on these gases. The best apparatus for the experi- 
ment is Brodie’s ozoniser (Fig. 9J). The oxygen or air is passed slowly 
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through the annular space between two glass tubes, the inner filled 
with dilute sulphuric acid or copper sulphate solution, and the whole 
apparatus placed in a jar of the liquid. The 
wires from a coil dip into the two liquids, 
which form electrodes and at the same time 
serve to cool the apparatus. The gas is 
conducted away through glass tubes with 
ground-glass joints, or joints of ordinary 
corks. Rubber is quickly destroyed by 
ozone. 

Siemens’ ozoniser (Fig. 02) consists of two 
concentric glass tubes, the outer covered 
and the inner lined with tinfoil to form the 
electrodes. 

The formation of ozone is shown by the 
smell of the issuing gas, which may con- 
tain about 5 per cent of it by volume. 

By cooling the whole apparatus at O’, 
using a powerful coil, and avoiding sparks, 
as much as 25 per cent by weight of the 
oxygen may be converted into ozone. 


-t!) 


Fie ‘H - )>i odic's ozoniser. 


Ozone is formed by Iho action of ultiu-violct light from a quartz mercury 
lamp on oxygen, and is produced in sumo chemical reactions, e.tj. by the 
action of concentrated sulphuric acid on barium peroxide ami by heating 
periodic acid ; ozone is also present in tlio air round hydrogen and hydro- 
carbon flames. 



Warburg found that ultra-violet light of wax ('-length 209m fj, produces 
ozono, and since the lino 1N5 m fi is the only one Irom the mercury lamp 
strongly absorbed by oxygen it is probably the chemically active one, cor- 
responding (}>. 21ft) with the energy J65 k.eal. This could dissociate the 0 2 
molecule into normal atoms (1 18 k.eal.). Warburg found that tw^o molecules 
of ozone are formed per absorbed energy quant inn. It may be assumed that 
the formation of ozone, both by the action of the electric discharge and of 
ultra-violet, light on oxygen, involves thodissociat ion of the oxygen molecules 
into atoms, which then react with oxygon molecules to form ozone : 

O, (MO; O, | ()- O a . 

This agrees with the quantum yield found by Warburg if one molecule is 
•dissociated per quantum (p. 216) : (T i hy 20. 
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Ozonised oxygen is formed by the electrolysis of sulphuric acid (sp. gr. 
1-1). A good yield is obtained with a heavy current and an anode (positive 
electrode) composed of a narrow platinum tube coated with glass, having a 
narrow line of metal exposed, and cooled by a stream of calcium chloride 
solution at - 14°. 

When ozonised oxygen is passed through a tube cooled in liquid air 
a cornflower-blue liquid separates, which is a solution of ozone in liquid 
oxygen. By strong cooling and evaporating under low pressure, violet- 
black crystals of pure solid ozone are formed, which on raising the 
temperature melt at -249*7°, and the liquid boils at - 112*4° forming 
a dark-blue gas which is pure ozone. The density, as determined by 
Dumas’ method, corresponds with the formula 0 3 . Pure ozone is very 
explosive, since it is strongly endothermic with respect to oxygen (0 2 ) : 

30 2 = 20 3 -68 k. cal. 

Properties of ozone. — The properties of ozone to be described refer 
mostly to a mixture of ozone with oxygen or air. 

Ozone is more soluble than oxygen in water : 1 vol. of w'ater at 0° 
dissolves 0*49 vols. of ozone. It is more soluble in glacial acetic acid and 
in carbon tetrachloride than in water. Ozone is decomposed by heat 
and when the gas from an ozoniser is passed through a glass tube heated 
at about 300° all the ozone is converted into oxygen : 

20 3 = 30,. 

Ozone is a powerful oxidising agent and liberates iodine from a solu- 
tion of potassium iodide : 

0 3 + 2KI + H 2 0 - 0 2 4 I 2 + 2KOH . 

In this reaction the volume of the gas remains unchanged, since one 
atom of oxygen in the ozone molecule oxidises the iodide and the other 
two atoms form a molecule of ordinary oxygen. 

Chlorine, bromine, hydrogen peroxide and nitrogen dioxide also 
liberate iodine from potassium iodide ; they are distinguished from 
ozone by the tests described on p. 157. 

Ozone has a remarkable action on mercury ; when ozonised oxygen 
is passed into a clean dry flask containing a little mercury, the meniscus 
is destroyed and the metal adheres to the glass. On shaking with water, 
the mercury recovers its original form. According to Hodgson (1924) 
this action is due to oxidation to Hg 2 0 which dissolves in mercury. 

Ozone is decomposed when shaken with powdered glass, and eatalyti- 
cally in contact with metallic silver and platinum, and with manganese 
dioxide, lead dioxide, and silver, cobalt and iron oxides. 

Warm silver is blackened by ozone, and silver oxide is probably 
alternately formed and reduced : 

2Ag + 0 3 = Ag 2 0 4 0 2 , 

Ag 2 0 4 0 3 « 2Ag 4 20 2 . 
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Barium and hydrogen peroxides react with ozone : 

Ba0 2 4 0 3 - BaO -f 20 2 
HgOj + 0 3 = H 2 0 4 20 2 , 

but the gas has no action on chromic acid or potassium ]>ormanganate. 
Sulphur dioxide is oxidised to the trioxide : 3S0 2 4 0 3 = 3S0 3 . This 
is one of the few reactions in which the ozone molecule oxidises as a 
whole ; another is with stannous chloride solution : 

3SnCl a 4 - 6 HOI 4 0 3 = 3Sn01 4 4 3H 2 0. 

Ozone bleaches indigo solution and vegetable colours, and converts 
moist sulj)hur, phosphorus, and arsenic into their highest oxy-acids. It 
liberates halogens from their hydraeids : 

2HG1 + 0 8 = (fl 2 ^H 2 0 f 0 2 
12HI 4-40 3 -0l 2 -1 0H 2 O + 30 2 . 

The liberation of iodine from })otassium iodide : 

0 3 4 2KI -r H a O = 0 2 4- 1 2 4 2K0H 

occurs in a neutral solution, which t hen becomes alkaline. If a piece of 
neutral litmus paper is moistened with potassium iodide solution and 
exposed to a gas containing ozone, the wetted portion is turned blue 
owing to liberation of alkali. 

In the determination of ozone, the iodine liberated from a neutral 
solution of potassium iodide may be titrated with sodium thiosulphate 
after slight acidification. Another method depends on the oxidation of 
sodium nitrite solid ion : 

NuN 0 2 . 0 3 - NaN 0 3 0 2 . 

Moist iodine is oxidised by ozone to iodic acid : 

I 2 4 50 3 i H 2 CU2H10 3 +50 a . 

Dry iodine is converted into a yellow powder I 4 0 9 without change of 
volume of the gas: 2l 2 t- 90 3 = 1 4 0 9 4 1)0 2 . An alkaline solution of 
potassium iodide is oxidised to iodate (K10 3 ) and periodate (K10 4 ). 

Ozone is used in oxidising some organic compounds ; it combines with 
double linkagos to form ozonides, which aro decomposed by water, e.g . 
with ethylene : 

H,C~CH 2 4 O s -H a C () OH 2 , 

i l 

O 0 

h 2 c 

wliich with water gives formaldehyde || and hydrogen peroxide H 2 0 2 . 

() 

The formula of ozone,— Sch on be in found that ozonised oxygen passed 
through a glass tube heated to 4(K)° loses its smell and action on 
potassium iodide, and the gas then appears to be ordinary oxygen. 
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Marignac and de la Rive (1845) and Shenstone and Cundall (1887), 
found that pure dry oxygen can be ozonised by an electric dis- 
charge. Rririor and Durand (1007) converted a 
confined volume of oxygen completely into a blue 
liquid mixture of ozone and oxygen by the silent 
discharge in a tube of dry oxygen, cooled in liquid 
air. These experiments show that ozone is merely 
a modification of oxygen. 

This conclusion was also reached by Andrews 
(1850), who dried electrolytic oxygon by means of 
sulphuric acid and then passed it through two bulb- 
tubes, A containing potassium iodide solution, and 
B concentrated sulphuric* acid. The incroaso in 
weight of the two bulbs was exactly equal to the 
oxygon equivalent (()-- I 2 ) of the iodine liberated. 
The bulb A was then replaced by a glass tube heated 
to 401)”’. Tho weight of the hull) B remained con- 
stant, showing that the gas contained no hydrogen. 
Andrews also found t hat ozone prepared in different 
ways (electric discharge, electrolysis, oxidation of 
phosphorus) has tin* same properties. 

Andrews and Tait (1800) filled a tube A (Fig. 93) 
with dry oxygon, which communicated with a sulphuric acid man- 
ometer B. Sulphuric acid is without action on ozone. After the 
silent discharge, a maximum contraction of one-twelfth was observed, 
hence ozone is denser than oxygen. When tin* tube was heated to 
300 c , the original volume was restored. A glass bulb of mercury 
broken inside the tube by means of a short length of glass rod which 
could be shaken on it, was converted into a black powder, and a 
variable volume of gas remained. 

A bulb of potassium iodide solu- 
tion broken in tho gas produced 
iodine, and the volume of gas re- 
mained unchanged, although it no 
longer expanded after heating to 
300° and was therefore completely 
converted into oxygen. 

Odiing in 1801 pointed out that 
the reactions could be explained 
on the assumption that the for- 
mula of ozone is 0 3 : 

2KI + 0 3 (1 vol.) +H 2 0- 

2KOH I 0 2 (l vol.) 4 T 2 . Fiu 114.- ■ -Somt’s first experiments 

The formula 0 2 4 n will obviousl v ° n ozono ‘ 

give the same result, but 0 3 is tho simplest, and there were no 
experiments pointing to a more complicated formula. 

Odling’s formula was confirmed by ttoret in 1800-08 by two sets of 
experiments. Soret pointed out that oxidisable bodies which destroy 





Fin. 93. — Andrews 
and T ait's experi- 
ments on ozone 
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ozone without change of volume, such as those used by Andrews and 
Tait, give no indication of the density of ozone. 

In order to find the volume of ozone in the mixture, some solvent or 
absorbent is necessary which takes up the whole of the ozone without 
liberating oxygen (as is the ease with potassium iodide). By com- 
paring the contraction on absorption with the expansion on heating 
(or contraction on ozonisation) it would be possible to determine the 
formula. 

Suppose that 100 vols. of oxygen on ozonisation contract to 90 vols. If 
ozone is O s , the equutum 50 2 --20., shows that 50 vols. of oxygen form 20 
vols. of ozone, giving 70 -I 20— 00 vols. of gas in all. 

On heating, tho 20 vols. of ozone give 50 vols. of 
oxygen, an expansion of 10 vols. If the ozone were 
absorbed, there would be a contract ion of 20 vols. 

If the formula of ozone is C) 4 , 20 vols. of oxygen give 
10 vols. of ozone : 20 a - 0 4 . giving 80-+- 10 - 00 vols. 
of gas; the contraction on absorption would be 
10 vols. and the expansion after heating 10 \oIs. 

The formula 0 3 requires that the contraction on 
absorption shall he double the expansion after 
heating . 

Soret found that suitable absorbents for ozone 
were certain essential oils, such as oil of cinnamon 
and oil of turpentine. He took two tlasks, of 
250 ml. capacity filled with ozonised oxygen 
over water (Fig. 04). In one ilask the ozone was 
absorbed by turpentine, when dense white fumes 
wore produced.; in the other it was decomposed 
by heating the flask by a llarne. The contract ion 
in the first flask was found to be almost exactly 
double the expansion (after the gas had cooled) 
in the second, 'flius, Od ling's formula 0 3 
confirmed. 

The apparatus shown in Fig. 95, devised by Xewth 
(1890), consists of two concentric glass tubes, the 
outer by a ground-glass joint. The inner tube contains dilute sulphuric 
acid and tho apparatus, previously hik'd with dry oxygen, is supported ill 
a jar of water and crushed ice. Tv o wires from a coil dip into the liquids. 
By means of projections from the inner and outer tubes a thin glass 
tube a containing oil of turpentine or oil of cinnamon is held in position in 
the annular space. The manometer containing concentrated sulphuric 
acid* coloured with indigo communicates with tho apparatus, and the 
oxygon is ozonised. Tho contraction is road oil on the gauge. The inner 
tube is then twisted so as to break the tube of oil of turpentine, and after 
absorption the further contraction is read off. Jt will bo found that tho 
contraction on absorption is twice tho contraction on ozonisation, i.e. 

* Tho acid does not act on ozone ; mercury cannot bo used (p. 152), and ozone 
is rather too soluble in water. 



I 4 ’ it; 95. Nowth’s 
apparatus 

inner fitted into the 
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double the expansion which would have occurred on decomposing the 
ozone by heat. In each case, before reading the volume, adequate time 
must be allowed for the gas to assume a constant temperature. 

Soret in his second research (1808) used Graham’s law of diffusion. 
If ozone has the formula 0 3 (density 24, H - 1 ) it should diffuse rather 
more slowly than carbon dioxide (density 22) but more rapidly than 
chlorine (density 35*5). The diffusion rates are inversely proportional 
to the square roots of the densities : 

Rate of diffusion of 00 2 x/24 . Rate of diffusion of 01 2 _ >/24 
Rate of diffusion of 0 3 J'2'2 ? Rate of diffusion of O a n/35-5 

Soret allowed the gases to diffuse into pure oxygen and measured the 
relative diffusion v/V of each gas mixed with oxygen, where v is the 
volume of gas diffusing and V the total 
volume present in the original mixture. The 
rate of diffusion of oxygen in both direc- 
tions was the same : the rates of diffusion of 
the other gases were (i) proportional to the 
numbers of molecules present in a given 
volume (measured by F) and (ii) inversely 
proportional to the square roots of the densi- 
ties. The ratios v/V were therefore inversely 
proportional to the square roots of the den- 
sities of the diffusing gases. 

The apparatus (Fig. 96) consisted of three 
glass tubes B', B and C, placed over sulphuric 
acid in K and separated by sliding glass plates 
with holes, so that the tubes could be put m 
communication or separated. B ' was filled 
with pure oxygen. B was first full of acid and 
the mixture of one of the gases with oxygen, 
prepared in C, was transferred to B by slid- 
ing the glass partition o. The glass plates 
between B and B f had perforations which 
could be brought between the two cylinders 
by sliding the plate o'. Diffusion from B 
to B f was allowed to go on for forty-five minutes, when the plate o' 
was slid back and the cylinders again isolated. The gas in B' could be 
driven out into a solution of baryta when carbon dioxide was diffused, or 
potassium iodide for chlorine or ozone. The ratio of the ozone in the original 
gas and in the gas in B' was determined from the ratio of the amounts of 
iodine liberated by the gases. If ?/, u' are the amounts of iodine liberated by 
the gas in B ' and that remaining in By respectively, then v/V ~uj(u + w'). 
The relative rates of diffusion were found to bo : chlorine, 0-227 ; ozone, 
0-271 ; carbon dioxide, 0-290. 

The ratio of these values for ozone and chlorine is 227/27 1 - 0-838. The 
inverse ratio of the square roots of the densities, assuming that ozone is O a , 
is V 24/35*6 0-822- The diffusion ratio for carbon dioxide and ozone is 



Fig. 96. — Sorct’s diffusion 
apparatus. 
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271/290 = 0*93, whilst the inverse ratio of the square roots of the densities, 
again assuming O s , is V 22/24 = 0*95. The agreement is to 3 per cent, which 
is satisfactory as the ozonised oxygen contained only 5 per cent of ozone by 
volume. 

Brodie (1872) in a very careful research showed that the only formula 
of ozone which agrees with all its reactions is 0 3 . ( 

Ladenburg in 1898 obtained nearly pure ozone by the evaporation of 
the liquid and compared the times of effusion of equal volumes of this 
gas and of oxygen in a Bunsen's effusion apparatus ; he found a density 
of 22, in satisfactory agreement with the formula 0 3 , and the density 
24 was found in 1922 with pure ozone in a Dumas’ apparatus by 
Riesenfeld and Schwab. 

The shape of the ozone O, molecule is definitely known to be tri- 
angular from electron-diffraction experiments (p. 439). The ring formula 
with single bonds 1 is not in agreement with the absorption spectra and 
the bond lengths (1*20 A., much shorter than 1*46 A. for O — O). It is 
supposod that the molecule lias one double bond and one coordinate 
link (p. 413) and the actual state is a resonance hybrid (p. 437) between 
such forms as IE. and TIL The bond angle is doubtful, values of 127° 
and 51 i° being given by different interpretations of electron diffraction 
rosults. 

O O O 

I. /\ H. /\\ III. 

o—o o 6 o o 

Tests for ozone. — The difficulty of detecting ozone when there 
is not enough to show its characteristic smell (1 volume in 500,000) 
is that chlorine, bromine, hydrogen peroxide vapour, and some oxides 
of nitrogen (N 2 0 3 ,N0 2 ,N 2 0 4 ) also liberate iodine from potassium 
iodide. 

Test papers prepared by soaking filter paper with alcoholic solutions of 
the reagents below react as stated ; they are unaffected by hydrogen 
peroxide : 

Ozone Halogens Oxides of nitrogen 

Tetramethyl-base - violet blue straw-yellow 

Benzidine - - brown blue, then red blue 

Hydrogen peroxide vapour and oxides of nitrogen may be removed by 
passing the gas through a solution of chromic acid. 

Hydrogen peroxide and ozone are decomposed by passing the gas over 
manganese dioxido, whilst oxides of nitrogen pass on and will decolorise 
dilute permanganate solution. The latter will absorb oxides of nitrogen 
and hydrogen peroxide and allow ozone to pass. Hydrogen peroxide is 
then detected by bubbling the gas through a solution of potassium ferri- 
eyanide and ferric chloride, which is turned blue. 

Technical utilisation of ozone. — Air or oxygen is ozonised on the 
technical scale by the silent electric discharge. The Siemens and H&lske 
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ozoniser (Fig. 97) consists of a battery of glass or porcelain tubes with 
internal tubes of aluminium, enclosed in an earthed iron tank of water 

to cool the apparatus. 
The aluminium tubes 
are charged to a po- 
tential of 8000-10,000 
volts, each battery of 
6-8 tubes requiring half 
a kilowatt of power. 
The Ozonair apparatus con- 
sists of two sheets of 
aluminium gauze sepa- 
rated by a plate of in- 
sulator, several units 
being enclosed in a case 
and alternate* plates 
charged and earthed. 
The best production 
amounts to about 40-60 
ft7 0 . ]un " gm. of ozone per kilo- 

watt- hour, at a con- 
centration of 2 gm. of ozone per cu. m. of air. With pure oxygen, 
120-180 gm. are obtained. The yields are about 5 and 15 per cent of 
the theoretical with air and oxygen, respectively. 

Ozonised air is used in the sterilisation of water, when it is bubbled 
through the filtered water in a tall column (2 gm. of ozone per cu. m. 
of water) ; also for purifying air (r.g. in underground railways) and 
for oxidation processes (c.g. wo-eugenol to vanillin). Tin* purification 
of water is its most important use : the plant supplying Paris deals with 
24,000,000 gallons daily. 



CHAPTER XII 


HYDROGEN 

History. — Hydrogen gas was prepared by Boyle from steel filings and 
hydrochloric add, and from iron nails and dilute sulphuric acid (p. 36), 
although Van Helmont (d. 1644) had described an inflammable gas (gas 
pingve). It was carefully investigated by Cavendish in 1766 and called 
by him inflammable air. 

Occurrence. — Free hydrogen is said to occur in small quantities in 
some volcanic gases : those* evolved in the eruption of Mt. Pelee in 1902 
contained 22-3 per cent hydrogen, it also occurs in small cavities in 
rock-salt, and various minerals and rocks, such as apatite, serpentine, 
gneiss, blue-clay, Peterhead granite, basalt, and beryl, evolve hydrogen 
on heating. Meteorites composed chiefly of iron with nickel and cobalt 
contain hydrogen. The spectroscope shows that the outer atmosphere 
of the sun consists largely of hydrogen ; this gas is the chief constituent 
of the solar prominences, which may reach out. from the sun’s disc 
sometimes as far as 500,000 miles into space. Hydrogen is produced 
in certain types of fermentation of carbohydrates brought about by 
specific bacteria. 

Hydrogen in combination is more common. With oxygen it forms 
water H 2 0, and with carbon a large number of compounds called hydro- 
carbons ; the gas issuing from fissures in coal often consists of nearly 
pure methane (TI 4 and more complicated hydrocarbons make up 
petroleum. All animal and vegetable matter, and coal, contain hydro- 
gen, and gaseous hjdrogen compounds found in nature are hydrogen 
sulphide (H 2 S) and phosphide (PH 3 ), ammonia (NH 3 ), and in volcanic 
gases hydrogen chloride (HCl), bromide (HBr), and iodide (HI). 

Preparation.— Hydrogen may be obtained in a large number of 
different ways only a fvtv of which arc convenient for the laboratory 
preparation ; some an* used in industry and not in the laboratory. These 
methods may be classified as follows : 

J . From water : 

(a) by electrolysis ; 

(b) by the action of metals ; 

(r) by the action of carbon. 

2. From acids by the* actions of metals. 

3. From alkalis by the action of metals. 

4. Miscellaneous industrial processes. 

159 .» 
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Hydrogen from water. The different methods are : 

(1) By electrolysis . The water voltameter is explained in Chapter 
IV. Water acidulated with dilute sulphuric acid is commonly used, 
but a dilute solution of sodium or barium hydroxide may be used. 

Rather less than 1 vr>L of oxygen to 2 vols. of hydrogen is evolved, partly 
on account of the greater solubility of oxygen in water compared with 
hydrogen (1-8 to 1), and partly owing to oxidation of the sulphuric acid to 
persulphuric acid H 2 S 2 0 8 at the anode. Some hydrogen peroxide H 2 0 2 is 
formed at the cathode. The presence of these oxidising agents may be 
shown by adding a solution of potassium iodide and starch, when a blue 
colour, due to liberation of iodine, appears. The oxygen may also contain 
a little ozone. If the liquid is electrolysed hot or phosphoric acid is used 
instead of sulphuric acid, no ozone is formed and the volumes are nearly 
in the ratio 2:1. 

If the anode consists of a pool of zinc amalgam in acidulated water, 
the oxygen liberated combines with the zinc and only hydrogen is 
evolved from the platinum cathode (Bunsen’s voltameter). 

Pure hydrogen is best prepared by the electrolysis with nickel electrodes 
of warm saturated barium hydroxide solution. The gas is passed over hot 
platinum gauze (not platinised asbestos, which forms a trace of silicon 

hydride) to burn any oxygen in 
it, then dried by potassium hy- 
droxide {nut concentrated sul- 
phuric acid, which forms a little 
sulphur dioxide by reduction) 
and pure redistilled phosphorus 
pentoxide. The gas may then 
contain a little nitrogen (from 
air leaks). It is passed into an 
exhausted hard-glass bulb con- 
taining metallic palladium, which 
is gently heated. Only the hydrogen is absorbed by the palladium. The 
nitrogen is pumped out and on strongly heating the palladium, pure 
hydrogen is evolved (Fig. 98) 

(2) By the action of metals. The metals lithium, sodium, potassium 
and calcium act on water at the ordinary temperature, the first three 
violently but calcium only slowly unless the water is hot, when the 
action is more vigorous. 

The heat evolved sets fire to the hydrogen given off from a small piece 
of potassium floating on water, the gas burning with a flame coloured 
lilac by potassium vapour : * 

2K + 2H 2 0 *= 2KOH + H 2 . 

♦The fused globule of caustic alkali left on the water after the action of sodium 
or potassium is usually thrown out of the liquid with a sharp crack on cooling, so 
that it is safer to place a bell-jar (open at the top) over the dish. Serious results 



Fig. 98. — Preparation of pure hydrogen. 
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The reaction with sodium is less violent and the hydrogen does not 
ignite and burn unless the metal is kept in one place on the surface of 
starch-jelly, when the hydrogen burns with a flame coloured yellow by 
sodium vapour : 2 Na + 2H 2 0 = 2Na()H + H 2 . 

Sodium amalgam acts slowly on water. The amalgam containing 
more than 1 per cent of sodium is solid at the ordinary temperature. 

Small pieces of clean sodium are pressed one by one under the surface of 
dry mercury in an iron mortar. Each piece dissolves with a flash of* light, 
poisonous fumes of mercury vapour being evolved. The amalgam is placed 
in a porcelain crucible in a basin of water, under an inverted jar of water. 
Gradual evolution of hydrogen occurs, metallic mercury being left. 

H. B. Baker and L. H. Parker (1913) found that if the amalgam and 
water are very pure, the action is slow, bubbles of gas appearing only at 
isolated points on the surface of the amalgam. If ordinary distilled water 
is added, the evolution of gas is accelerated, apparently owing to the pre- 
sence of hydrogen peroxide in the water. 

A piece of calcium may be used in the experiment : 

Ca 4 2H 2 0 =Ca(OH) a -f H 2 . 

The gas obtained from calcium may contain a little acetylene, from 
some calcium carbide in the metal. 

Cold water is decomposed by amalgamated aluminium (made by 
rubbing aluminium foil with damp mercuric chloride) : 

2A1 4 6H 2 0 — 2A1(0H) 3 + 3H a . 

Hot water is decomposed by zinc-copper couple (made bv pouring a 
solution of copper sulphate over granulated zinc) : 

Zn + 2H 2 0 — Zn(OH ) 2 -i H 2 , 

and boiling water is slowly decomposed by magnesium powder : 

Mg + 2H a 0 = Mg(OH ) 2 + H 2 . 

Steam is decomposed by heated magnesium, zinc and iron : 

Mg ■! H 2 0 - MgO -I H., 

Zn f H 2 0 ~ ZnO + H 2 
3Fcm 4H“0-Fe 3 0 4 + 4H 2 . 

The action with magnesium lias been described on p. 39 ; the 
hydrogen may be collected with a suitable apparatus (see Partington, 
School Course of Chemistry , Chap. XIII). 

The action of iron on steam is described on p. 39. It is reversible ; 
when steam is passed over heated iron the hydrogen formed tends 
to reduce the iron oxide again, and when hydrogen is passed over 
heated iron oxide the steam formed tends to oxidise the iron again. 

follow the projection of the alkali into the eve* or on the skin. All experiments with 
sodium and potassium, like those witli phosphorus, require great care. Attempts 
to collect the hydrogen evolved with sodium usually result in explosions. 
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When a mixture of hydrogen and steam in the correct ratio is passed 
over a heated mixture of iron and oxide of iron, no change occurs either 
in the gas or in the solid mixture, and the one mixture is therefore in 
chemical equilibrium with the other. The fact that such a state is 
possible depends on the reversibility of the reaction. Equilibrium is 
attained when two opposing reactions proceed with equal velocities . The 
same equilibrium state is reached by starting either with iron and 
steam or with iron oxide and hydrogen. 

If a given weight of iron is taken and a large excess of steam passed 
over it, the red-hot iron will in the end be completely oxidised ; a given 
weight of red-hot iron oxide when exposed to a current of hydrogen in 
excess of amount required by the chemical equation will in the end be 
completely reduced. This effect is sometimes called the action of mass. 

Hydrogen from acids.— The usual laboratory method of preparation 
of hydrogen is to act upon granulated zinc in a flask or Woulfe’s bottle 



Kkj. 91).- -Preparation of hydrogen. 

with dilute sulphuric acid (1 vol. cone, acid to 5 vols. of water) or dilute 
hydrochloric acid (1 vol. cone, acid to 4 vols. water), poured in through 
a thistle funnel (Fig. 99). Zinc sulphate or chloride is formed in 
solution and the hydrogen evolved is collected over water : 

Zn ) H 2 S0 4 -ZnS0 4 i 1I 2 
Zn + 2HCI = ZnCl 2 + H 2 . 

Instead of a flask a Kipp’s apparatus (Fig. 23) may be used, the metal 
being in the central globe and acid poured in until the lower bulb is full 
and the metal covered. When the tap is closed evolution of gas continues 
until the liquid is forced by pressure partly into the upper globe and the 
metal is brought out of contact with the liquid, when the action ceases. 

The Kipp’s apparatus may be used for the generation of gas from any 
liquid reagent and a solid which can be obtained in the form of lumps 
which do not disintegrate in contact with the liquid, e.g. carbon dioxide 
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from marble and hydrochloric acid, and hydrogen sulphide from ferrous 
sulphide and hydrochloric acid. 

The gas from commercial zinc and acid may be purified by passing over 
red-hot copper turnings, or through wash -bottles containing a saturated 
solution of potassium permanganate, followed by 
bottles containing a 5-10 per cent solution of silver 
nitrate. Impurities such as hydrogen sulphide, phos- 
phide and arsenide, and oxides of nitrogen, sulphur 
dioxide, and volatile hydrocarbons, are removed. 

Unless hot copper is used, a little oxygen remains, 
but this may be removed by a solution of chromous 
chloride or by passing over red-hot copper. On a 
large scale, blenching powder or a solution of bromine 
is used to remove arsenic compounds. 

Hydrogen is dried bv passing over granular 
calcium chloride, or broken sticks of potassium 
hydroxide, in a tower (Fig. 100) ; final drying 
may be effected by phosphorus pent oxide dusted 
over plugs of glass-wool in a tube. Sulphuric acid 
should not be used, as a little sulphur dioxide is 
formed : H 2 NO t } H 2 -~N0 2 t 2H 2 0, unless the acid 
is cooled in a freezing mixture 4 . 

Since hydrogen is very much lighter than air it may also be collected 
by upward displacement (Fig. 101).* 

Hydrogen is also evolved by the action of dilute hydrochloric or 
sulphuric acid on iron (which gives a rather impure gas with an 
unpleasant odour due to the presence of hydro- 
carbons, hydrogen sulphide, hydrogen phosphide 
and silicon hydride 4 , from impurities in the metal) 
or magnesium (which is expensive but gives a 
pure gas), or by the action of hot concentrated 
hydrochloric acid on tin : 

Fe 4 H 2 S0 4 - FeNOj Ii 2 
Fe i 2HUU FeUl 2 i H 2 
Mg i H 2 S0 4 - MgSOj t H 2 
Mg i 2HCl~MgCl 2 + H 2 

Sn '2HC\ -SndH H.>. 

Before collecting hydrogen, great care must be taken, to ensure that all the 
air has been displaced from the apparatus since a mixture of hydrogen with 
air is explosive. 

A little of the gas is first collected in a test-tube and a flame applied ; the 
gas in the tube should burn slowly and quietly and not explode. (The mere 

* The student, may note that “ upward displacement ” is sometimes called 
“ downward displacement of air ”, and “ downward displacement ” is sometimes 
called “ upward displacement of air ” ! A diagram is usually advisable. 


Flu. 101.— Collecting 
a gas by upward dis- 





Fio. 100. —Drying 
tower. 
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absence of explosion is misleading, since the first portion of gas collected 
may be air and the gas following this is highly explosive.) 


Copper and lead are not dissolved by dilute acids with evolution of 
hydrogen, and the action of nitric acid on metals nearly always gives 
oxides of nitrogen, not hydrogen (p. 537). With magnesium and cold 
very dilute (1 per cent) nitric acid, hydrogen is evolved : 

Mg + 2HN0 3 - Mg(N0 3 ) 2 + H 2 . 

The rate of liberation of hydrogen with a particular metal depends 
on the strength of the acid (which must not he confused with the con- 
centration). 


Arrange three flasks with delivery tubes wider burettes in a pneumatic 
trough (Fig. 102). In each place 5 gm. of zinc, and pour in 50 ml. of solu- 



Fia. 102. — Experiment to compare rates of evolution of hydrogen by 
zinc from different acids. 


tions of hydrochloric (36*5 gm. por litre), sulphuric (49 gm. per litre), and 
acetic (60 gm. per litre) acids. All these contain 1 gm. of acidic hydrogen 
per litre. Add 1 ml. of dilute copper sulphate solution to each, and after 
a minute fit on the corks and observe the rates of collection of gas. The 
“ strong ” acids (hydrochloric and sulphuric) react much more rapidly than 
the “ weak ” (acetic), and hydrochloric acid more rapidly than sulphuric. 

Hydrogen from alkalis, — Zinc., aluminium and silicon decompose 
potassium or sodium hydroxide solution, evolving hydrogen and form- 
ing solutions of potassium or sodium zincate, aluminate and silicate, 
respectively : Zn + 2 koH = K 2 Zn0 2 + H 2 

2A1 + 2NaOH + 2H a O = 2NaAl6 2 + 3H 2 
Si + 2NaOH + H 2 0 = Na 2 Si0 3 + 2H 2 . 

Industrial preparation of hydrogen— The reaction between steam fitnd 
iron is used for the technical preparation of hydrogen. Spongy iron from 
the reduction of spathic iron ore (ferrous carbonate) is heated to redness 
and steam passed over : 3Fe + 4 H 2 CMFe a O« + 4H 2 . 
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The hot ferronoferric oxide is then reduced with water gas : 

Fe 3 0 4 + 4H 2 -3Fe+4H 2 0 
Fe 3 0 4 + 400 = 3Fe -t 4C0 2 . 

Water gas is made by passing steam over red-hot carbon and is a 
mixture of carbon monoxide and hydrogen with a smaller amount of 
carbon dioxide : 0 = CO t H , (briyht-red heat) 

C + 2H 2 0 =00 2 + 2H 2 (dull-red heat). 

Hydrogen is also made from water gas. Hi one process the carbon 
monoxide is removed by strong cooling, when it liquefies (b.p. ~ J9I*5 W ) 
leaving the hydrogen gaseous (b.p. - 253 ). In another process, water gas 
is mixed with excess of steam and passed at 450 ' over a heated catalyst- con- 
sisting mainly of oxide of iron (Fe/D with some oxides of nickel and 
chromium which act as 44 promoters ”, i.c. increase the activity of the 
catalyst. The carbon monoxide is mostly oxidised to carbon dioxide and 
more hydrogen is set free from th© steam : 

co + HoO^ecv 

Since this reaction is reversible, excess of steam is used and a little carbon 
monoxide remains in the* gas. The carbon dioxide is removed by absorption 
in w ater under 25 atm. pressure, and t he carbon monoxide by absorption in 
ammoniaeal cuprous formate solution under 200 atm. pressure. Large 
quantities of pure hydrogen are made in this way for the manufacture of 
synthetic ammonia (p. 522). 

Hydrogen can be made on a semi -technical scale for filling military 
balloons (when cylinders of compressed gas are not available) by the 
action of hot 20 per cent sodium hydroxide solution on silicon or ferro- 
silicon (an alloy of iron and silicon rich in silicon) : 

Si -4 i>Na()H l H 2 () - Na 2 Si0 3 t2H 2 . 

The action of water on an alloy of lead and sodium, or on calcium 
hydride, lias also been used : 

OaH 2 + 2H 2 0 *Ca(0H) a + 2H 2 . 

Hydrogen is formed m some fermentation reactions, e.g. along with 
carbon dioxide in the industrial production of butyl alcohol (C 4 H J0 O) and 
acetone (C,H. t 0) by the anaerobic fermentation of starch : 

L 6 H.o0 5 ~G 4 H 10 O f2C0 2 
C 8 H 10 O 5 4 2 H 2 ( ) - C.H.0 + 3C0 2 + 4H 2 . 

Hydrogen is made in California by the thermal decomposition of hydro- 
carbons, especially methane (natural gas) : CJl 4 = C f 2H 2 . Gases from 
petroleum 44 cracking ” are also used. The methane is also mixed with 
Steam and heated : (JH 4 4 2H a O- GC) 2 4 4H 2 . 

Uses of hydrogen. — Hydrogen is used for filling balloons and airships, 
as it is the lightest gas known (normal density 0*08987 gm. per litre ; 
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density relative to air — J is 0-069) : coal gas is often used for balloons 
as it contains a good deal of hydrogen, and for airships hydrogen can 
be replaced by helium (which is twice as heavy) as the inflammability 
of hydrogen makes it dangerous for such a use. Hydrogen is used 
in the synthesis of ammonia, for “ hardening ’* vegetable or animal 
oils by converting them into solid fats, for hydrogenating petroleum 
fractions, coal and other organic compounds, for lead “ burning ” 
(autogenous welding without solder, by a hydrogen flame), and in 
blowpipes. 

Properties of hydrogen. -Hydrogen is a colourless gas which has no 
smell or taste when pure. It is sparingly soluble in water and the 
solubility is not much a fleeted by change of temperature (p. 65). 
The solubility of hydrogen in alcohol is four times, and in petroleum 
three times, that in water. Hydrogen does not support respiration 
although it is not poisonous (unless it contains arsenic hydride as 
impurity). When breathed, mixed with some air, for a short time it 
weakens the voice* and raises its pitch. Hydrogen is a better con- 
ductor of heat than other gases, its conductivity being about five 
times that of air. Its specific heat is also abnormally high, 
at 0°. If a spiral of platinum wire, heated to redness by an electric 
current, is inserted into an inverted jar of hydrogen, the wire ceases to 
glow, on account of the increased loss of heat to the gas. At high tem- 
peratures dissociation of hydrogen molecules into atoms occurs : 
H 2 ^2H, the reaction absorbing a large amount of heat (about 1 00 k. cal. 
per gm. mol.). 

The spectrum of hydrogen, obtained by an electrical discharge in a 
Geissler tube, contains lour bright lines, due to atomic hydrogen and used 
in calibrating spectroscopes or ref rue tni net era : a red hue (Fraunhofer’s 
C), 6502 A. ; a blue line, H y , 4340 A. ; a greenish-blue line, (Fraun- 
hofer’s F), 4S01 A. ; and an indigo line, H 6 , 4102 A. (1 Angstrom unit — 
A. - 10" 10 metre JO 8 cm.) 

Liquid and solid hydrogen.— Hydrogen is liquefied and solidified 
only with difficulty ; the gas warms rather than cools by free ex- 
pansion (]). 130) unless it has first been strongly cooled by liquid air. 
The liquid and solid arc colourless and transparent. Olszewski in 1895 
found that the slight heating effect produced by expansion through a 
valve at the ordinary temperature, changes on cooling to -80-5° at 
1 13 atm. into a cooling effect . This inversion point makes it necessary 
in the liquefaction of hydrogen first to cool the gas strongly before 
expansion. 

Liquid hydrogen was first obtained in bulk by Dewar in 1895, at 
the Royal Institution in London. By compressing hydrogen to 200 
atm., cooling it to -200°, and expanding it through a valve, he 
obtained colourless liquid hydrogen, readily boiling off. 
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Liquid hydrogen may be prepared in the modification of Travers* aj)para- 
lus devisod by Nornst (Fig. i 03). (Van pressed hydrogen enters through 
the copper coil A and passes through an extension A ’ of the coil immersed 
in liquid air in a largo Dewar vessel. The cooled gas then passes tlirongh 
an extension of the. coil A", composed of two coils in parallel inside a small 
Dowar tube completely enclosed in a brass vessel B . At the end of this coil 
is an expansion valve V operated from outside. In the tube A " the pre- 
viously cooled gas is lir juofiorl by the cold expanded gas from the valve 
sweeping over the coil, and liquid hydrogen collect* in the inner Dewar 



Fin. 103, Preparation of liquid hydrogen. 

vessel. The cold hydrogen gas passes out through a copper coil C wound in 
contact with the coil A, and takes heat from the incoming hydrogen in A. 
The liquid air boiling in the outer Dewar vessel gives off cold air which 
passes out through a copper coil />, wound between the two coils A and 
C\ and also takes up beat from the incoming hydrogen. The brass 
vessel B is in two parts, screwed together, to permit of the inner Dewar 
tube being inserted. 300-400 ml. of liquid hydrogen are obtained per hour, 
with a gas velocity of 2 3 ml. per second, and the use of about 300 ml. of 
liquid air. 

Liquid hydrogen is colourless and transparent, with the very small 
density of 0*07105 at its boiling point, -252*76°. By rapidly evapora- 
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ting the liquid under reduced pressure in a tube immersed in liquid 
hydrogen in a double Dewar vessel (Fig. 104), it freezes to a colourless 
transparent solid, or a white snow-like mass, m.pt. -259°. At the 
temperature of liquid hydrogen all other gases 
except helium and neon are frozen to solids 
which at the extreme cold show practically no 
vapour pressure. 

If a Geissler tube containing air is attached to a 
bulb containing charcoal, and the latter dipped into 
liquid hydrogen, the vacuum in the Geissler tube 
becomes so intense that no electrical discharge will 
pass even with a powerful coil. 

If liquid hydrogen is poured into an ordinary 
test-tube, a white coating of ice at once covers the 
outside. From this, drops of liquid air are seen to 
fall. 

FlO. 104. — Preparation 

of solid hydrogen. Chemical properties of hydrogen. — Hydrogen 
forms compounds with a large number of ele- 
ments, in many cases by direct combination : antimony, arsenic, 
barium, boron, bromine, calcium, carbon, chlorine, copper, fluorine, 
iodine, nickel, nitrogen, oxygen, palladium, phosphorus, potassium, 
selenium, silicon, sodium, strontium, sulphur, tellurium, and several 
rare metals, all form hydrides. 

Hydrogen burns in oxygen or air to form water : 2H 2 + 0 2 =2H 2 0, 
but does not itself support combustion, as may be shown by passing a 
lighted taper into an inverted jar of hydrogen, when the taper is ex- 
tinguished. Oxygen will also burn in hydrogen (p. 145). A mixture 
of hydrogen with air or oxygen explodes violently when kindled, 
provided either gas is not in too large excess. 

Hydrogen and oxygen combine slowly at 180°, or in bright sunlight at the 
ordinary temperature. Explosion occurs with moist gases at 550°-700°, 
but if the gases are exceedingly pure and dry they may be heated by an 
incandescent silver wire without, explosion, though combination slowly 
occurs ( Baker, 1 902), The water produced appears to be so pure as to exert 
no catalytic influence on the reaction. 

The mixture 2112 + 02 ignites at 526° on adiabatic compression, some 
combination occurring before the explosion itself (pre-flame period) : the 
mixture 3H 2 + 0 2 ignites at 544°, and H 8 4 40 a at 478°, respectively (Dixon 
and Crofts, 1914). Thomas Thomson in 1817 gave 538° as the ignition 

temperature of hydrogen in air. 

«> 

■ Hydrogen readily combines with fluorine and chlorine, less readily 
with bromine, iodine, sulphur, phosphorus, nitrogen, and carbon. 

Hydrogen burns in chlorine and a mixture of hydrogen and chlorine 
explodes violently when kindled or exposed to bright sunlight : 

H 8 + C1j = 2HC1. 
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Hydrogen combines with nitrogen on sparking or in presence of a 
catalyst, forming ammonia : 

N 2 + 3H 2 vi2NH s . 

With a few metals, such as lithium, sodium, and calcium, it forms 
hydrides , such as Nall. These hydrides when pure are white salt-like 
compounds rapidly decomposed by water (KH explodes in air) : 

NaH 4 H 2 0 « NaOH + H 2 . 

The hydrogen in them behaves to some extent like a halogen or electro- 
negative element. On electrolysis of fused lithium hydride, the hydro- 
gen is liberated at the positive electrode (Moers, 11120), not the negative 
as when water is electrolysed. Hydrogen is evolved at the anode in the 
electrolysis of a solution of calcium hydride CaH 2 in fused potassium 
and lithium chlorides (Bardwell, 11)24). 

Hydrogen, when passed over many heated metallic oxides (copper, 
iron, lead) reduces them to the metals : CuOh- H 2 = 0u 4 H 2 0. 

The oxy-hydrogen and oxy-acetylene blowpipes. — When oxygen and 
hydrogen are supplied separately to a blowpipe jet consisting (Fig. 105) 



Fir lo,') — Oxy-h}drogcn blowpipe 


of two concentric metal tubes, the oxygen being inside, a blue, pointed, 
intensely hot flame is produced. Platinum wire readily melts in this 
dame, which has a temperature of about 2800°. Carbon monoxide 
instead of hydrogen gives a llame temperature of about 2600°. If the 
oxy-hydrogen (or oxy-eoal gas) flame impinges on a small cylinder of 
quicklime, an intensely white light (“ limelight ”) is given out by the 
infusible incandescent lime. 

In the oxy-acetylene blowpipe acetylene gas takes the place of hydro- 
gen or coal gas, and a hotter llame (3100°-3315°) is obtained. At 
this temperatures steam is practically completely dissociated, and the 
reaction is c 2 H 2 + 0 2 =200 + H 2 . 


The flame is therefore strongly reducing, which makes it suitable for 
welding metals. In cutting iron or steel a third inner tube is used and 
when the metal is heated by the flame to a high temperature, this inner 
oxygen jet is turned on. The iron itself then burns brilliantly, emitting 
showers of sparks, and rapidly fuses away. The oxygen jet is narrow, 
and a very clean cut is produced. Plates of steel 12 in. thick can be 
rapidly cut through in this way. Coal gas may also be used. 


The acetylene and oxygen are used in the proportions 1*5 vols. of O t : I 
vol. of C a H*, the acetylene being either generated from calcium carbide and 
water in situ , or more conveniently used dissolved under pressure in acetone, 
soaked in a porous material contained in steel cylinders. (Compressed 
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acetylene gas is liable to explode spontaneously.) The porous material may 
be “ kapok ”, seed-hairs in the pods of a tree {Eriode/ndron anfractuosum) 
growing in India and .lava. 

Atomic hydrogen.-- Langmuir (1912) found that hydrogen at low 
•pressure in contact with a tungsten wire heated by an electric current 
is dissociated to some extent into atoms : H 2 r^2H. This absorbs a 
large amount of energy, about 100 k. cal. per gram -molecule. The 
atomic hydrogen formed is chemically very active. Atomic hydrogen 
is formed when an electric arc between tungsten electrodes is allowed to 

burn in hydrogen at atmospheric 
pressure (Fig. 100). The atomic 
hydrogen blown out of the arc 
by a jet of molecular hydrogen 
across the are. forms an intensely 
hot flame, capable of melting 
tungsten (m. pt. 3400°). This 
ilame obtains it*; heat from re- 
combination of hydrogen atoms 
to Ho. It is suitable for melting 
and welding many metals. Iron 
can be melted without contami- 
nation with carbon, oxygen, or 
nitrogen. Because of the power- 
ful reducing action of the atomic 
hydrogen, alloys can be melted 
without fluxes and without sur- 
face oxidation. A feature of the 
flame is the great rapidity with 
which beat can be delivered to a 
surface which catalyses the reac- 
tion 2 H - H 2 , and t his is important 
in welding operations. 

Nascent hydrogen. — Hydrogen 
being set free in a chemical reaction is often more reactive than 
hydrogen gas. 

A little ferric chloride added to zinc and dilute sulphuric acid evolving 
hydrogen is rapidly reduced to a ferrous salt, as may be found by 
appropriate tests : Vf<% + H = , HVl 

No such change is produced by bubbling gaseous hydrogen through the 
solution. Zinc and dilute sulphuric acid reduce potassium chlorate to 
potassium chloride. 

It is usually supposed that the activity of such called nascent (new- 
born) hydrogen, in the act of liberation from its compounds, is due to 
the hydrogen being in the atomic state. Another theory is that the 
hydrogen is given off under great pressure : hydrogen gas under pressure 
reduces some metallic salts (e.y. AgNO a solution). The nature of the 
chemical action producing the hydrogen is of importance, because 



Fjg. 106 — The atomic hydrogen 
blowpipe 

Hydrogen gas issues from the central 
nozzle on the right and is dissociated 
in an electric arc between two tungsten 
rods nearly meeting in u V. 
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potassium chlorate is not reduced by sodium amalgam, which reduces 
nitrites to hyporiitrites. Zinc reduces nitrites to ammonia in presence 
of alkali. Zinc amalgam is often more effective than zinc alone, 
especially if a trace of copper salt is added, and “ couples ” of zinc with 
copper or iron are used for reduction. Hydrogen for reducing purposes 
may be liberated in alkaline solution by zinc or aluminium, and in 
neutral (aqueous) solution by copper-zinc couple or amalgamated 
aluminium. Gaseous hydrogen in presence of platinum or palladium 
black, or especially colloidal palladium (which takes up 2950 vols. of 
hydrogen), is a good reducing agent- for solutions. At higher tempera- 
tures, hydrogen gas in presence of finely divided nickel is used to pro- 
duce solid fats from liquid oils, the oil taking up hydrogen. Hydrogen 
liberated by electrolysis at a cathode, especially of amalgamated lead, 
is a reducing agent. 

The atomic character of nascent hydrogen is made probable by the 
following experiment. A stream of oxygen is allowed to bubble through a 
liquid around a cathode at which hydrogen is being liberated. Hydrogen 
peroxide is formed. Langmuir found that, atomic hydrogen unites directly 
with oxygen to form hydrogen peroxide : 

H tOj-r H HO • OH. 

The occlusion of hydrogen by metals. — Devil le and Troost (1803) 
found that platinum and iron are permeable to hydrogen at a red 
heat, and concluded that “ metals and alloys have a certain porosity.” 
Graham (1800-09) showed that the penetration cannot be due to 
porosity since hydrogen is the only gas which passes through the 
metals. 

Graham filled a platinum bulb with hydrogen and heated it in air. In 
half an hour 97 per cent oft he hydrogen bad passed out but no air entered, 
and a partial vacuum was produced m the tube. Five hundred ml. of 
hydrogen passed per sq. in. per minute through a platinum lube 11 mm. 
thick. Through a similar palladium tube the hydrogen began to escape at 
10() c ; at a red beat 3993*2 ml. of gas passed out per sq. m. per minute. 
Palladium m a glass tube was exposed to hydrogen at 90 -97 for three 
hours, and allowed to cool in the gas for ninety minutes. When the tube 
was heated by a flame and the gas pumped off, the metnl gave 043 times its 
volume of gas. Fpwards of 500 vols. of gas were given out at 245 1 in a 
vacuum. 

Graham at first said that : “ the whole phenomenon appears to be 
consistent with the solution of liquid hydrogen in the metal ... It may 
be allowed to speak of this as the power to occlude (to shut up) hydrogen, 
and the result as the occlusion of hydrogen by platinum.” In 18(19 he 
suggested that hydrogen was the vapour of an exceedingly volatile 
met-al, hydrogeniuin. Solid hydrogen was later shown to be a trans- 
parent glassy solid with no metallic properties, but it is very probable 
that the hydrogen occluded in palladium is atomic and is behaving 
rather like a metal. 

Palladium charged with hydrogen is a strong reducing agent : it 
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precipitates mercury from mercuric chloride solution, gives up hydrogen 
to chlorine and iodine in the dark, and reduces ferric to ferrous salts. 

The occlusion of hydrogen by palladium is shown by immersing two 
strips of palladium foil in dilute sulphuric acid and using them as electrodes. 
Oxygon is evolved from the anode, but no gas from the cathode until the 
metal is charged with hydrogen. Tf the current is switched oil, gas may come 
slowly from the cathode, showing that the metal was super saturated with 
hydrogen. If the current is reversed, no gas comes from either electrode 
for a time. The oxygen is combining with the occluded hydrogen in one 
electrode, and hydrogen is being occluded in the other. After a time gas 
comes from both electrodes. The palladium strips bend, owing to the un- 
equal expansion on absorption of hydrogen. 

Troost and Hautefeuille (1874) pumped off hydrogen occluded in 
palladium, and measured the pressures during its removal at a given 
temperature. The first portions came off readily, but when GOO vols. 
of hydrogen were left to 1 vol. of palladium, the rest came off at a con- 
stant pressure, as water vapour from a crystal 
hydrate (p. INI). Hence these observers con- 
cluded that a definite hydride of palladium 
was present. Constant pressure intervals 
were observed at different temperatures. 

The density of palladium is 12, hence the ratio 
of the weights of palladium and hydrogen in tho 
metal which lias occluded 033 vols. of hydrogen 
is 12 : <>33 x 0-00009- 12 : 0 057. The* atomic 
weight of Pd is 100, hence the ratio of the atoms 
in palladium saturated with hydrogen is (12/106) 
: 0-057 = 2-0 : 1, corresponding with Pd 2 H. 

Ronzeboom and Hoitsema. (1895) considered 
that the pressure curves in the dissociation of 
“ palladium hydride ” between 0° and 190° 
consisted of three parts (Fig. 107) : two 
o rapidly ascending parts joined by a 

° nearly horizontal but slowly rising 

middle portion. At higher tem- 

o-i o-2 o-3 04 05 og atoms h to i atom Pd peratures the flat part became 
Fig. 107. — Palladium and hydrogen curves, shorter. The dotted curves give 

the results of Troost and Haute- 
feuille. The shapes of the curves were thought to speak against a 
definite compound ; with certain reservations Koozcboom and Hoitsema 
thought they indicated the formation of two solid solutions , The 
flat part, where the pressure is practically constant, shows that tu>o 
solid phases must be present ; since the pressure depends only on 
temperature, the phase rule gives jP = 1, 6 t = 2, P-3, ix. gas +2 

solids. 

Roozeboom and Hoitsema said their hydrogen contained a little 
nitrogen, which would explain the upward slope of the flat part of the 
curves, and they did not consider their experiments decisive enough. 


Pressure 
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Holt, Edgar, and Firth (1913) concluded that hydrogen exists partly 
as a condensed layer on the surface, and partly dissolved inside the 
metal, and is not uniformly distributed. 

They found that palladium is normally inactive but becomes active as a 
result of : (a) oxidation by heating in air and reduction of the oxide film in 
hydrogen ; ( b ) heating to 400° in hydrogen, followed by cooling in the gas ; 
(c) heating to 400° in vacuo , when the hydrogen must bo admitted as soon 
as cold, as the rnolal soon loses its activity, in all cases heating is necessary 
for activation. Tho absorption of gas is rapid at first, then becomes in- 
creasingly slower. The rate of diffusion of hydrogen through palladium 
0*3 mm. thick was 3288 ml. per sq. m. per minute at 200 , and 5570 mi- 
nt 476°. 

By pumping out a palladium tube saturated with hydrogen and sur- 
rounded with the gas, tho pressure inside was reduced to zero at the ordinary 
temperature, whilst the pressure on tin* other side was 10-4 mm. At 140 
with two pumps working equally on both sides, the outer surface of the tube 
lost 208 ml. of gas, and tho inside only 12 ml. The hydrogen is not uni- 
formly distributed through tho metal. The surface layer is easily removed 
by pumping ; the gas inside is much more firmly held. 

Gillespie and Hall (1920) took precautions to obtain states of true 
equilibrium, using very finely divided palladium and special heat treat- 
ment. They obtained 
perfectly horizontal iso- 
therms (Fig. 1 OS) and 
found evidence of two 
immiscible solid solu- 
tions, but at 80°, 100° 
and 180°, the* one richer 
in hydrogen had practi- 
cally t he eorn posit ion of a 
palladium hydride Pdji, 
which may be regarded woo 
as a definite compound 
separating nearly pure at 
higher temperatures, but 
at lower temperatures 
dissolving increasing 
amounts of hydrogen. 

Gillespie and Galstaun 
(1936) repeated the ex- 
periments over a wider range of temperature's and concluded that there 
are vertical steps of the boundary curves on both sides of the flat por- 
tions ; these correspond with the compositions Pd g H and Pd 4 H on 
one side, and Pd 3 H and PcLH on the other. 

Most finely-divided metals absorb small quantities of hydrogen, 
and metals prepared by electrolysis sometimes contain occluded 
hydrogen. 

Catalytic combustion. — -Although oxygen and hydrogen gases do not 
react at the ordinary temperature, a jet of hydrogen directed on a little 
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platinum sponge is inflamed. The same effect is produced by a bundle 
of perfectly clean fine platinum wires ; these become red-hot and 
kindle the hydrogen (Doboreiner, 1823). The effect is not shown by 
other metals such as iron or copper, and the platinum exerts a specific 
catalytic action. 

Dobereiner’s lamp (Fig. 109) is a small hydrogen generator, consisting of 
a glass tube immersed in dilute sulphuric acid* with a stopcock and jet at 

tho top. A piece of zinc hangs inside the 
tube, and the hydrogen generated displaces 
the acid until it is no longer in contact with 
the zinc, when act ion ceases. Opposite the 
jot is a sponge of line platinum wire en- 
closed in a brass t ube, and when the tap 
is opened the stream of hydrogen ignites. 
The acthity of the platinum falls off, blit 
it may bo renewed by boiling the metal 
in nitric arid, when impurities from the 
hydrogen which cause the loss of activity 
are removed. 

Faraday (1833) observed that the corn- 
Fig. 109, DoWmws lump. filiation of a mixture of hydrogen and 

oxygen is brought about bv a, piece of 
clean platinum foil -in some eases the gas explodes. There are two 
theories to account for this catalytic activity of platinum : 

(1) Faraday considered that both gases form a condensed film on the 
metal as a result of surface- forces {adsorption). Under high pressure in this 
film the gases react. It is known that pressure may increase, the activity 
of gases: Be ke toff found that hydrogen gas under 100 atm. pressure dis- 
places silver and mercury from solutions of their salts. 

{2) l)e la Rive (iK3K) behoved that chemical compounds are formed as 
layers on the metal. These unstable oxides react with hydrogen in a 
cyclic? maimer, the metal being alternately oxidised and reduced : 2Pt -{- 0 2 = 
2PtO ; PtO f- 11 2 - Pt i il 2 0. 

According to Faraday, platinum does not catalyse the union of hydrogen 
and chlorine. Ife found that the catalytic activity of a clean platinum 
surface was arrested w hen a small quantity of carbon monoxide w y as added 
to the mixture of hydrogen and oxygen, but the metal recovered its activity 
when brought into a gas mixture free from carbon monoxide. Traces of 
hydrogen sulphide in the gas poisoned ” the platinum so that it did not 
become active until boiled in concentrated sulphuric acid. 

Graham in 18l>8 suggested that gas films formed by adsorption on metals 
might contain the gas molecules orientated m a particular direction, so that 
the same part of the molecule would always be in contact with the metal, 
and the other part exposed as a film to the gas space. 

Langmuir showed that the adsorbed layer is unimolecular and is generally 
orientated, and that “ poisoning ” is due to the formation of dims of mole- 
cules which prevent adsorption of other gases capable of reacting on a 
clean surface. In some cases (e.g, with carbon monoxide) the film may 
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evaporate again in a pure gas. Langmuir supposed that the adsorbed 
molecules are held by attractive forces analogous to chemical affinity, 
which originate in atoms of metal lying on the surface, and having uncom- 
pensated attractions. The metal atoms inside have no residual attractions 
since they are completely surrounded by other atoms. Re regarded a 
motal surface as like a chess-board, the black spaces being metal atoms and 
the white spaces the spaces between the atoms. Molecules of gas arc held 
by the spaces occupied by metal atoms. The catalytic action may take 
place by interaction between molecules or atoms hold on adjacent surface 
atoms of motal, or between an adsorbed film and the atoms of the solid, or 
directly as a rosult- of a collision between a gas molecule and a molecule or 
atom hold on the surface. Reaction between hydrogen and oxygen occurs 
between adjacent adsorbed atoms, that between carbon monoxide and 
oxygen between oxygen atoms, formed from adsorbed oxygon molecules, 
aud colliding carbon monoxide molecules. The products of reaction then 
evaporate from the surface. In the adsorption of gases on salt crystals, 
Haber (1914) considered that the molecules are held by electrical forces 
from tho positive and negative ions of the salt in the surface of the crystal. 

Orthohydrogen and parahydrogen molecules, —The hydrogen atom is 
supposed to consist of a very small positively charged nucleus called a 
proton, having practically all tlu* mass of the atom, and a negatively 
charged electron at a relatively large distance from the nucleus. Both 
the proton and the electron have a property which can be described as a 
spin about an axis, rather like the rotation of the earth about its axis. 
A hydrogen molecule is formed from two atoms by two electrons of 
opposite spins pairing, and the two electrons in the molecule always 
have opposite spins. The two protons, however, may have their spins 
either in the saint' sense or in opposite senses, and two different kinds 
of hydrogen molecule result : the one in which the proton spins are in 
the same sense (“ parallel *’) is called orthohydrogen, the one in which the 
proton spins are in opposite senses ( k ‘ antiparallel ") is called parahydrogen. 

It was shown by Dennison (1927) that- the curves representing tho specific 
heat of hydrogen at low temperatures, which previously offered great 
theoretical difficulties, could bo explained on the assumption that ordinary 
hydrogen is a mixt ure of these tv\ o kinds of molecules in the ratio of 3 to 1. 
Evidence of the existence of those in liquid hydrogen was found by an 
optical method by McLennan and McLeod early in 1929. In 1929, Bon- 
hoeffer and llarteck found that when ordinary hydrogen is cooled and 
compressed, conversion of ortho- into parahydrogen occurs. On adsorbing 
ordinary hydrogen on charcoal at the temperature of liquid hydrogen, 
there is practically complete catalytic conversion into parahydrogen, which 
may be pumped off as gas. It has been shown that parahydrogen has a 
slightly lower boiling point than normal hydrogen. 

By mixing parahydrogen (opposite spins) -with atomic hydrogen (pro- 
duced by an electric discharge in hydrogen ), it is slowly converted into 
orthohydrogen (parallel spins) : 

B + H 2 - H 3 -Ik H 

■t ft ft ^ 
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Although pure parahydrogen can be obtained, pure orthohydrogen 
is not known, the maximum concentration obtainable being the 3 : 1 
mixture in normal hydrogen. The specific heats and thermal conduc- 
tivities of ortho- and parahydrogen are notably different. 


Deuterium. — As a result of a supposed discrepancy between the 
chemical and mass spectrograph atomic weights of hydrogen, Birge and 
Menzel in 1931 suggested that ordinary hydrogen contains a small 
amount of a heavier isotope of atomic mass 2, and this was recognised 
spectroscopically in 1931 by Urey, Brickwedde, and Murphy, who 
called it deuterium , 1). The enrichment of ordinary water in “ heavy 
water ” or deuterium oxide I) 2 0 by prolonged electrolysis was effected 
in 1932 by Washburn and Urey, and in 1933 G. N. Lewis and Mac- 
donald prepared nearly pure deuterium oxide and investigated its 
properties. Ordinary hydrogen contains about I part of deuterium to 
6900 of “ light hydrogen ” ( protium ), and ordinary water contains, a 
corresponding amount of JXO. The ratio H : 1) varies very slightly in 
waters from different sources, the J\>() content being measured by small 
differences in density. 

The principal method of enrichment of water in deuterium oxide is 
electrolysis ; the light hydrogen is preferentially evolved, probably 
owing to the different overvoltages (p. 242) of the two hydrogens, and 
by prolonged electrolysis (the later fractions of evolved hydrogen, rich 
in deuterium, being burnt and returned to the cell) pure I) 2 0 can finally 
be obtained. Tt is made commercially in Norway, and then contains 
about 0*38 per cent, of D 2 18 0 (containing heavy oxygen). Other methods 
of separation are of little practical interest, although fractional dis- 
tillation is not without promise. 


From deuterium oxide, gaseous deuterium D 2 is obtained by dropping 
the liquid on sodium : 2L) 2 0 j 2Na-2NaOD -i D 2 , or (with less loss) by 
electrolysis of deuterium oxide in which phosphorus pentoxide has been 
dissolved. Some physical properties of “ normal ” hydrogen and , 


H 2 


jd 2 


deuterium, and of “ normal ” water and deuterium oxide, are given 
below. 

Density /J 25 26 
Temperature of maxi- 
mum density - — — 

Boiling pt. - - - 20-38° Abs. 23-50° Abs. 

Freezing pt. - - 1 3 95° Abs. 18-65° Abs. 

Triple pt. - - - 13-92° Abs. 18-58° Abs. 


h 2 o 

1-00000 

3 98° C. 
100 ° 0 . 

0° G\* 

0 0077 °C. 


d 2 o 

1* 10764 

11-23° C. 
101-42° C. 
3*802° C. 
3-809° C. 


The D 2 molecule, like the H 2 molecule, exists in ortho- and para- forms, 
the equilibrium mixture at room temperature being 2 ortho- to 1 para. At 
low temperatures it is almost all ortho (cf. H 2 ). The I) 2 content of hydrogen 
gas may be found from the thermal conductivity or (below I per cent); by 
the mass spectrograph. 
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In mixtures of H 2 and ]) 2 , and of H 2 0 and D 2 0, exchange reaction# of 
H and D atoms occur and hence, owing to the reactions : 

H 2 + D 2 ^2H1) and H 2 0 + D 2 0^2HD0 
the molecules HI) and EDO are also present. Exchange reactions 
occur between many hydrogen and deuterium compounds. 

Every hydrogen compound could have a corresponding deuterium 
compound, and many have been prepared. The acid 1)01 is formed 
from the elements, and 1)F by the reaction I) 2 f-2AgF = 2Ag + 2T)F at 
110°. “ Heavy ammonia ” NT) 3 is formed from 1) 2 0 and Mg 3 N 2 and 
combines with many salts. Deuteromethane 0D 4 is obtained from 
D 2 0 and A1 4 C 3 , and deuteroacetylenc 0 2 D 2 from I) 2 0 and 0aC 2 . The 
acids DN() 3 , 1) 2 S0 4 and I) 3 P0 4 are formed by dissolving the anhydrides 
in I) 2 0. Association (e.g. of DF) is greater with deuterium compounds 
than with the corresponding hydrogen compounds (e.g. HF). The 
crystal hydrate CuS0 4 ,51X>0 is greener in colour than CuS0 4 ,5H 2 0. 
The dissociation pressures of deuterates (compounds of I) 2 0) and 
deuterammines (compounds of ND 3 ) with salts are somewhat smaller 
at a given temperature than those of corresponding hydrates and 
ammines (compounds of NH 3 ). 

Tritium. — A third isotope of hydrogen of rrutss 3, viz. 3 H or tritium T, 
is formed artificially by the collision of deuterium nuclei (p. 407) : 
*D + 8 D= 3 T + J 1I. ft is radioactive, emitting /3-rays. 
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WATER AND HYDROUEN PEROXIDE 

The physical properties of water.— Water exists as solid (ice), liquid 
(water), and vapour (steam ). There are several varieties of ice. 

Liquid water has a faint blue colour (liquid oxygen is blue) seen 
when light passes through a tube of water 2 m. long, closed at the ends 
with pieces of plate glass. Ice shows the same colour in large masses, 
as in crevices of glaciers or icefloes. The deep blue colour of some clear 
lakes appears to be due to light scattered from fine particles of solid 
matter in suspension. 

Liquid water is only slightly compressible : between I and 25 atm. 
an increase of pressure of 1 atm. reduces ihe volume by only 5 parts in 
100, 000. The expansion of water bv beat is peculiar. From 0 V to 3*98° 
the liquid contracts, above 3*98 it expands, and at 3*98° water has its 
maximum demit y. Owing to this, exposed water freezes on the surface ; 
the water sinks as it roaches .T9 8° and forms a heavier layer below the' 
crust of ice, through which heat passes only slowly. 

The volume of 1 kgm. of water at 4° weighed in vacuo is defined 
as the standard litre; it occupies 1000 ml. or 1000*028 cm. 3 . The 
volume of 1 kgm. of w-atcr at 15° weighed in air is Mohr's litre = 
1001*98 cm. 3 

The density of ice at 0° is 0*9 108 ; it. floats on water, wi)ich expands 
on freezing. The liquid may be supercooled to about - 20°. Cast-iron 
bottles lilled with water and closed with screw plugs burst when 
immersed in a freezing mixture. 

The densities of water, referred to the mass in grams of one* 
thousandth of a standard litre (1 ml.) at 4 U as unity, are : 


-S' 0*99930 

8" 

0-999808 

100 

0*9584 

0 r 0*99987 

10 

0-99973 

150 

0*9173 

r i*ooooo 

20 

0-99823 

250" 

0*794 


The amount of heat required to raise the temperature of 1 gm. of 
water from J4i° to 15T is called the gram calorie (g. cal.). The corres- 
ponding amount for 1 kilogram of water is the kilogram calorie, 1 k, cal. 
~ 1000 g. eal. The number of units of work spent in generating 1 g. cal. 
by stirring water is the mechanical equivalent of heat, 4*185 x 10 7 ergs per 
15° g. cal. The number of g. cal. required to raise the temperature of 1 
gram of a substance through 1° under specified conditions is the specific 
heat ; the specific heat of ice is 0*502. 

Ice is converted into water with a considerable absorption of heat, 
although the temperature remains constant at 0°. This heat, 79*74 g. 
cal. per gram of ice, is the latent heat of fusion of ice. Water at its 
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boiling point is converted into steam with a large absorption of heat, 
539*1 g. cal. for 1 gin., called the latent heat of evaporation of water. 
In the reverse changes exactly the same quantities of heat are 
evolved . 

Drops of water floating in oil are readily heated much above 100° 
without vaporising, and are then said to be superheated. 

The vapour density of water just above the boiling point is slightly 
greater than corresponds with the formula H a O. When this is corrected 
for deviations from Boyle’s laws the results show that steam consists 
almost entirely of H 2 () molecules. The properties of liquid water, its 
high surface tension, high dieleetrie constant, great tendency to pro- 
mote ionisation of dissolved electrolytes, high boiling point as com- 
pared with hydrogen sulphide BUS, the expansion on solidification, and 
the existence of a maximum density above the freezing-point, all show 
that water is an abnormal liquid (p. 135). 

The equilibria betw een t he pha wt* of water are shown diagrammatical!]} 
in Fig. 1 10. AL is the vapour pressure curve of liquid water, ending 
at the critical point L. Since increase of 
pressure at a given temperature condenses 
vapour to liquid, the liquid and \apour 
fields are as shown. SA is the vapour pre- 
sure curve of ice : it has a greater slope 
(exaggerated in the figure) at the triple 
point A than that of water AL. At A, ice 
water and vapour are in equilibrium. AB 
is the melting curve of ice at different pres- 
sures ; since; the m.pt. is lowered by increase 
of pressure, AB slopes to the left. The 
dotted curve represents supercooled water, 
which is a met a stable .state, since in pres- 
ence of ice the liquid would solidify. The 
vapour pressures of metastable states are alw ays greater than those of 
stable states at equal temperatures. 

For carbon dioxide the point A lies at about 5 atm. pressure, so that under 
atmospheric pressure solid carbon dioxide (“ dry iec ") passes directly into 
gas without melting. 

At higher pressures several different forms of ia appear, so that the upper 
part of the curve AB is complicated. 

Ordinary ice, ice I, is in equilibrium with water vapour and liquid waiter 
ttt I 0*0077° 0. under a pressure of 4*579 nun. It is always produced when 
water crystal lisos spontaneously under pressures less than 2,500 kgm./em. 2 
Above this pressure ice III or ice II forms ; bet ween pressures of 3,500 and 
6,300 kgm./em.“ ice II or ice V is produced, according to tho temperature ; 
under higher pressures ice VI is formed. Jce II {d- 103) cannot exist 
in equilibrium with liquid water. Ice 1, ice II and ieo III (d — 1*04) have 
a triple point at - 34*7° C. and 2,170 kgrn./cm. 2 ; ice II, ice III and ice V 
(d=l*09) are in equilibrium at - 24*3° C. and 3,510 kgm./cm.* The 
existence of ice IV is doubtful ; ice VI (d — 1*06) is stable only at tempera- 
tures above 0° C. Ice II and ice III differ in space lattice only. 



K i a . 110. — Phase diagram 
for water. 
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Ice crystallises iu the hexagonal (six-sided) system (Fig. 111). The 

bubbles in iee are composed of air dissolved in the water and liberated 

on freezing. In making clear 
ice, freezing is carried out 
slowly and with agitation, so 
that air bubbles can escape. 

Hydrates. — Definite solid 
compounds of salts with water 
arc ealkd hydrates. A salt 
in the dry condition, free from 
water, is called an anhydrous 
salt. Many anhydrous salts 
differ in colour and crystalline 
form from the hydrates. If an anhydrous salt can exist in contact with 
a saturated solution, its solubility is different from that of the hydrate 
(p. 67). White' anhydrous copper sulphate becomes blue if water is 
poured on it, and heat is evolved. On cooling a hot solution in water, 
deep blue crystals of the hydrate CuSG 4 ,5H 2 0 (blue vitriol) separate. If 
exposed to dry air in a desiccator over sulphuric acid, they fall to a 
nearly white powder of the monohydrate ( -uS() 4 ,H 2 U, which beoomes 
blue when moistened with water. 

Some crystal hydrates lose* water and fall to powder on exposure to 
the atmosphere. This change is called efflorescence and shows that 

there must be a pressure of water vapour over the salt : this is con- 

firmed by passing a crystal of the salt above the mercury in a barometer 
tube, when the mercury falls slightly. The vapour pressure is constant 
at a given temperature and increases with the temperature. 

The system has two components, anhydrous salt and water. Since the 
vapour pressure depends only on temperature, there is one degree of 
freedom ; hence the phase rule, V i F -C i 2, shows that the number of 
phases is 2 + 2- 1 3. These are water vapour and ftn> solids. One solid 

is the original hydrate, the second is either anhydrous salt ns with (dauber’s 
salt : Na 2 SG 4 , lOHoO - Na 2 S0 4 +■ I0H.X). or a lower hydrate as with copper 
sulphate: (US0 4 ,5H*0-(1 iiS() 4 ,3H 2 0 f 2H./). 

When the vapour pressure above*, t he hydrated salt at the ordinary 
temperature is greater than the partial pressure of water in the atmos- 
phere, the salt loses water on exposure and effloresces. If the vapour 
pressure over the salt is not greatly different from that of atmospheric 
moisture, the crystals w ill be stable on exposure. If the vapour pressure 
over the hydrate is very small, the salt may absorb moisture from the 
air. Calcium chloride, used for drying gases, absorbs moisture forming 
CaCi 2 ,6H 2 0, with a small vaj>our pressure. 

The name efflorescence first denoted the “ creeping ” of solutions of salts 
Jn open vessels, with the format ion of a loose deposit. This is caused by the 
formation of crystals on the walls at the surface of the liquid, which then 
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rises by capillary action between the crystals or between these ami the wall. 
More crystals are formed above, and in some cases the solid reaches tho top 
of the vessel, when the solution may siplum over and oroop down the outside. 
This occurs with sal ammoniac solutions in Lcolanche cells and may be pre- 
vented by greasing the upper part of the jar. 
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Vapour pressures of hydrates .-—A mechanical mixture of liquid water 
with an insoluble solid has a vapour pressure equal to that of pure water. 
A hydrate containing hygroscopic mois- 
ture in excess of its combined amount 
has a vapour pressure equal to that of 
its saturated solution. If water is re- 
moved as vapour until the excess has 
been lost the pressure will drop to that 
of the solid hydrate, say 0uS() 4 ,5H 2 0, 
and the pressure falls to A (Fig. 112). 

Dissociation of this hydrate begins : 

CuS0 4l 5H 2 0"-d?uN0 4 ,3H 2 0 i 2Ti a (),and 
the phase rule shows that the system 
of two solid hydrate's, (!uS0 4 ,5H 2 0 and 
0uSO 4 ,3H 2 O, and vapour has a defi- 
nite pressure. Continued abstraction 
of water converts all the ('iiS0 4 ,oH 2 0 
into 0 uS 0 4 ,3H 2 (), and the pressure falls to a lower value C. 

Dissociation into CuS() 4 ,H 2 0 now begins : CuS0 4 ,3H 2 0^CuS0 4 ,H 2 0 
-f-2H 2 0. This hydrate has a very small vapour pressure, but emits 
water in a desiccator over phosphorus pentoxide to form anhydrous 
salt. When all the Irihydrate is converted into monohydrate, the 
pressure falls to a low value and remains at this until all the water is 
removed : CuS0 4 ,H 2 0^(?uS0 4 f- H 2 0. It then falls to zero over the 
anhydrous salt. l>y analysing the solid when drops of pressure occur, 
say at (\ the* composition of the hydrates may be found. 


Kir,. 112.- -Vapour pressure curves 
for hydrates at 50°. 


Natural waters. — Natural water contains various impurities present 
in amounts varying with the source of the water. The following division 
of natural waters is convenient : (I) rain water, (2) river water, (3) spring, 
or deep well, water, (4) sea water, and (5) mineral waters. 

Impurities in natural waters are of two kinds : (1) suspended, both 
mineral and organic ; (2) dissolved , both solids (mineral and organic) 
and gases. The amounts of impurity vary a good deal with the source 
of the water. 

Rain water contains impurities, especially near or in towns where coal 
is burnt. Dissolved atmospheric gases (oxygen, nitrogen, carbon 
dioxide), and sodium chloride from sea-spray carried inland by winds, 
are always present. Nitrous and nitric acids produced by electrical 
discharges (lightning) are usually present as ammonium nitrite and 
nitrate, and there is sometimes free ammonia. In towns sulphuric acid 
from the combustion of iron pyrites FeS 2 in coal is present, and 
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suspended impurities, chiefly soot from fuel smoke. The free sulphuric 
acid may be neutralised by lime-water, or by allowing the water to 
stand over limestone. Melted snow contains similar impurities. 

River water is rain water which has percolated through the surface soil 
and contains suspended and dissolved impurities from the soil. Some 
spring water maybe mixed with it. The suspended matter is partly 
clay and partly organic (vegetable) matter. The dissolved matter con- 
sists mainly of calcium and magnesium salts. The atmospheric carbon 
dioxide dissolved in rain, and that taken up from decaying vegetable 
matter in the soil, forms carbonic acid : 00 2 4 Jfl a () — H 2 00 8 . This is a 
very weak acid, but it dissolves calcium carbonate from limestone or 
chalk over which the water flows or that present in the soil, and also 
magnesium carbonate, to form soluble calcium and magnesium bicar- 
bonates : Ca(J0 3 + H 2 C0 3 = Ca(HC0 3 ) 2 • 

MgCO„ + H“C0 3 - Mg(HC0 3 ) 2 . 

If calcium sulphate (gypsum, CaS0 4 ,2H 2 0) is present in the soil or 
rocks it dissolves, and sometimes the water may contain calcium 
chloride OaCl 2 , and magnesium sulphate MgS0 4 and chloride MgCl 2 , 
from the soil. All these salts produce hardness in wafer. 

River water flowing over cultivated land also contains sodium 
chloride, and ammonium salts and nitrites and nitrates formed by bac- 
terial action on nitrogenous organic mat ter of vegetable and animal origin. 

The purity of the water depends on the nature of t he soil. Thames water 
flowing over soil rich m limestone contains about 157 milligrams of calcium 
carbonate per litre. Trent water flowing over soil < out timing gypsum con- 
tains 300 milligrams of calcium sulphate per litre. The waters of the Dee 
and Don draining the Aberdeen granite area contain only traces of dissolved 
calcium salts, and Glasgow water from Loch Katrine contains only 30 
milligrams of total solid matter per litre. Raia Lake water is also very soft. 

Spring or deep well water differs from river water only in having under- 
gone filtration through porous strata. In this way suspended matter 
may be largely removed, leaving the water clear. The organic matter 
and nitrites, if present, may have been more or less oxidised to nitrates, 
but the dissolved mineral matter usually increases. 

Temporarily hard water. — The formation of calcium bicarbonate from 
calcium carbonate and carbonic acid is shown by passing a slow current 
of washed carbon dioxide into clear lime water (a solution of calcium 
hydroxide). A white precipitate of calcium carbonate is first formed ; 

Ca(0H) 2 -i C0 2 - CaC0 3 + H 2 0. 

As the carbon dioxide continues to pass, this precipitate dissolves and a 
clear solution of calcium bicarbonate is formed : 

CaC0 3 + H 2 0 + C0 2 - Ca(HC0 3 ) 2 . 
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The calcium carbonate dissolved as bicarbonate may be precipitated 
in two ways : 

(3) By boiling part of the solution in a flask, when carbon dioxide is 
evolved and a white precipitate of calcium carbonate is formed : 

Ca(HC0 3 ) 2 — CaCO a i C() 2 + H 2 0. 

(2) By adding an equal volume of the lime water to another portion 
of the solution, when calcium carbonate (solubility 0*013 gm. per litre) 
is precipitated : 

Oa(HOQ 3 ) 2 4 C\a(0H) 2 =2CaC0 3 I 2H a 0. 

Hard water containing calcium bicarbonate deposits a “fur” or 
“scale ” of calcium carbonate (often 
coloured brown by iron oxide and 
organic matter) in kettles or boilers. 

Such water, which is softened by 
boiling, is called temporarily hard 
water. It may Ik* softened for use 
by adding just enough lime (calcium 
hydroxide) or lime wafer to precipi- 
tate the calcium bicarbonate and 
then filtering!: from the calcium car- 
bonate. This is (jailed Clark’s process. 

Some calcium carbonate may remain 
in supersaturated solution. 

Waters containing dissolved cal- 
cium bicarbonate when they fall in 
drops from the roofs of eaves lose 
carbon dioxide and deposit calcium 
carbonate in the form of stalactites. 

The drops falling on the floor cause 
a i stalagmite of calcium carbonate to 
grow upwards to meet, the stalactite 
(Fig. 113). Stalactites formed under 
brickwork arches come from the calcium carbonate in the mortar, 
which is dissolved by carbon dioxide in rain. 

Water containing magnesium bicarbonate Mg(HC0 3 ) 2 is not softened 
by boiling, since magnesium carbonate J\1gC0 3 is appreciably soluble in 
water (0*84 gm. per litre). In this case enough lime must be added in 
Clark’s process to precipitate the sparingly soluble magnesium hydroxide 
(solubility 0*01 gm. per litre) as well as any calcium bicarbonate present : 

Mg(HC0,) 2 + 2Ca(0H ) 2 - Mg(0H ) a + 2CaC0 a 4 2H 2 0. 

Ferrous carbonate FeC0 3 is present in some soils and also dissolves in 
water containing carbon dioxide, forming ferrous bicarbonate Fe(HC0 3 ) 2 . 



Fu;. 113 -Stalactites and 
.stalagmites. 
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On boiling or exposure to air, a reddish-brown precipitate of ferric 
hydroxide Fe(OH) 3 (“ rust ”) is thrown down, since ferrous bicarbonate 
is easily oxidised by atmospheric oxygen : 

4Fe(HC0 3 ) 2 4 0 2 + 2H 2 0 - 4Fe(OH) 3 + 8C0 2 . 

Water containing iron stimulates the growth of a thread-like organism 
Crenothrix, which gives the water a bad taste and causes a precipitate of 
ferric hydroxide which may stop up pipes. The ferrous bicarbonate may 
b© removed by aeration, when it precipitates as ferric hydroxide. 

All kinds of hard water cause waste of soap, since they react with the 
soap, which consists of the sodium salts of fatty acids such as stearic 
acid, and form a slimy precipitate or scum of the calcium and magnesium 
salts, which also cariy some soap down with them : 

2NaSt + Ca(HCO,) 2 - CaSt a 4- 2NaHCO s 
2Na8t 4- CaS0 4 = CaSt 2 4- Na 2 S0 4 , 

where St=C 17 H 35 COO - is the stearate radical. 

If ferrous bicarbonate is present, brown ferric hydroxide is precipi- 
tated, causing “ iron mould ” on fabrics : 

4Fe(HC0 3 ) 2 4- 8NaSt + 10H 2 0 4- 0 2 - 4Fe(0H j 3 + 8HSt 4- 8NaflC0 3 . 

The calcium and magnesium salts in hard water cause a larger waste of 
soap than corresponds with the production of the calcium and magnesium 
salts of the fatty acids. About 017 lb. of soap is required for J00 gallons of 
water containing 1 grain of C'aCO s per gallon, instead of 0*075 lb. (theoreti- 
cal). The slimy precipitate of calcium salts carries down some soap and 
renders it useless. It also adheres tenaciously to the skin or fabric, and 
interferes with washing. The hard water does not acquire the smooth feel|hg 
characteristic of a soft water (free from dissolved calcium and magnesium 
salts), which is intensified by traces of alkali from the excess of soap, but 
retains its harsh fooling until excess of the soap lias been added. 

Permanently hard water. — Water containing dissolved calcium sul- 
phate (solubility 2 gm, per litre) is not softened by boiling. The hard- 
ness due to calcium sulphate, and also to magnesium sulphate and 
calcium and magnesium chlorides which are sometimes present, is called 
permanent hardness. The water may have temporary hardness as well. 
Such waters when evaporated in kettles or boilers deposit calcium 
sulphate CaS0 4 as a very hard crystalline “ fur ” or scale. This is not 
due to a chemical change but to loss of water by evaporation until the 
saturation point of the dissolved calcium sulphate is reached. (The 
scale is said to be CaS0 4 , not CaS0 4 ,2H 2 0.) The solubility also 
creases with rise in temperature and at the higher temperatures in 
steam boilers CaS0 4 is almost insoluble. Such waters cause waste of 
soap in laundry work for the same reason as temporarily hard 
i.e. they precipitate soap as calcium and magnesium salts. 
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Water softening.— Water for domestic and industrial purposes may 
have to be softened if it is too hard as it comes from the source. The 
temporary hardness is removed by Clark's process (p. 1 83) . For industrial 
purposes (boilers and laundries) the temporary and permanent hardness 
are both removed by adding lime and sodium carbonate, and some- 
times sodium hydroxide : 

Ca(HC0 3 ) 2 + 0a(0 H ) 2 - 2CaC0 3 + 2H 2 0 
Mg(HC0 3 ) 2 + 2Ca(OH ) 2 Mg(OH) t + 2CaC0 3 + 2H 2 0 
0aSO 4 + Na 2 C0 3 = 0aC0 8 + Na 2 80 4 
Ca(HC0 3 ) 2 + NaOH - CaC0 3 + NaHC0 3 + H 2 0. 

Calcium carbonate is much less soluble than calcium sulphate and is 
precipitated. 

If magnesium chloride is present, the reaction with lime is : 

MgCl 2 + Ca(OH) 2 =Mg(OIl) 2 +CaCl 2 , 
and the calcium chloride must then be precipitated by sodium carbonate : 
OaCl* i Na 2 C0 3 = CaCO, f 2NaCl. 

The process of water softening now mostly used is the “ base-ex- 
change ” or “ zeolite ” process. In this the hard water is percolated 
through granules of a material such as Per/nutit , which is a trade name 
for an artificial sodium aluminium silicate allied to the natural zeolites. 
Commercial zeolites are also made from natural greensand (glauconite). 

The zeolite may be formulated as Na 2 Ze, where Ze stands for the 
“ zeolite radical ” ; this is often given the composition Ze > = Al 2 Si 2 0 7 or 
Al 2 H 4 Si 3 0 12 , but the commercial zeolites contain more silica and ap- 
proximate to Na 2 0,Al 2 0 3 ,(Si0 2 ) w , where n varies from 5 to 13. The 
calcium and magnesium salts in the water react as follows : 

Ca(HC0 3 ) 2 4 Na 2 Ze - CaZe + 2NaHC0 3 
MgS0 4 + Na 2 Ze - MgZe i Na 2 S0 4 . 

During use the zeolite loses its activity and it is regenerated by per- 
colating with a concentrated solution of common salt, which displaces 
the calcium and magnesium from the zeolite and replaces these by 
sodium, so that the mass is ready for use again : 

CaZe + 2NaCMNa 2 Ze + CaCl 2 . 

The reaction is reversible and in practice about times the theoreti- 
cal amount of salt is used. 

A zeolite containing manganese dioxide oxidises dissolved iron and 
manganese salts, which are injurious in laundering as they form spots, and 
precipitates them as oxides. The mass is regenerated by percolating with 
permanganate solution. 

In a newer process, separate synthetic rosins containing acidic carboxyl 
groups i2'*COOH and basic substituted ammonium hydroxide 
(IT-NHsbOH (JR' -methyl CH a , etc.) 
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are used to remove both basic (Na, Ca, Mg) and acidic (HOG*, Cl, S0 4 ) 
radicals. The water is first passed over granules of the acidic resin, when 
basic radicals are removed and an acid is formed : 

C*aS0 4 4 2/rCOOH =-Ca(/T-COO) a + H 2 H0 4 . 

Tho acid is then removed by passing the water over tlio basic resiri : 
2(J*"-Nn,)OH + ll a Sl) 4 ^ (7?"*NH 3 ) 2 S0 4 + 2II a O. 

The resulting water may be as pure as distilled water. The resins are 
regenerated by percolating with acid and alkali solution, respectively : 

Ca (/*'•< DO)., ^21101 ~CaCl 2 + 2/J / *COOH 
(h >,/ -NH 3 ) 2 S() 4 + 2Na01l — Na 2 S0 4 + 2(jR"*NH 3 )OH. 

Water used in boilers may be softened by adding sodium hcxa- 
metaphosphate (p. 584), or trisodium phosphate (p. 695), and in 
laundry work borax (p. 65,4) and sodium metasilicate (p. 694) are used. 

The “ hardness " of water is determined by adding from a burette to 
100 ml. of the water a standard soap solution *, shaking after each addi- 
tion until a lather is formed which lasts a minute. The soap solution is 
standardised and (after subtracting 1 ml. for the amount to produce a 
lather with 100 mi. of distilled water) the number of ml. used gives the 
degree of hardness in parts of 0aCO 3 (so expressed whether temporary or 
permanent) per 100,000 of water. Another unit is grains per gallon, 
and tin's divided by 0-7 gives parts per 100,000. A soft water has a hard- 
ness not exceeding !0 \ a medium hard water from 10° to 20°, a hard 
water from 20° to 40°, and a very hard water above 30°. Thames water 
has a mean hardness of 20" which is reduced to 5° after lime-softening. 

The following analyses of river waters provide material for problems 
on water softening, the amounts being in parts per 100,000 : 



CaC0 3 

CaS0 4 

MkOO s 

NaC’l 

Si0 2 

Organic 

matter 

Thames - 

14*4 

4*5 

IS 

2*0 

0*8 

3 4 

Trent 

(MO 

40*1 

8*1 

2*5 

10 

5*2 

Doe (Aberdeen) 

1-2 

0*17 

0*51 

10 

0*2 

2*2 

Don „ 

3 2 

0*2 

1*5 

1*8 

0*75 

4*3 


Sterilising water. — For use for drinking purposes (potable, water ) the 
water must be filtered and also sterilised if it is likely to contain harmful 
bacteria. Filtration is carried out through beds of gravel and sand, 
which become covered with a layer of clay, algae, etc., which removes 
suspended matter and also many bacteria, [f necessary a little 
aluminium sulphate may be added to clarify the water from finely 
suspended clay ; alumina is precipitated and carries down suspended, 
particles and also some bacteria : 

A1 2 (S0 4 ) 3 + 30a(HC0 3 ) 2 = 30aS0 4 -i 2Al(OH) a + 6C0 2 . 

The water is sterilised by adding bleaching powder solution, or 
chlorine gas, or a mixture of chlorine and ammonia (chloramine proms 

* Dissolve 13 gm. of Castile soap shavings in 500 ml of methylated spirit by 
heating on a water bath and add 500 ml. of distilled water. 1 ml. ~ 1 mgm. CaC0 3 . 
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— which is more effective than chlorine alone), or by bubbling ozonised 
air through the filtered water, or by exposure to ultraviolet light. 

Action of water on lead. — Hardness in drinking water is not known to 
be injurious to health : the presence of bicarbonates gives the water a 
refreshing taste and prevents its action on lead pipes. 

Very soft water containing dissolved air will dissolve lead and the 
action is greater in presence of free carbonic acid. The dissolved lead is 
poisonous. Lead is rapidly attacked by distilled or rain water in presence 
of air, forming lead hydroxide PtyOH).,, which is appreciably soluble 
or forms a colloidal solution. The action is due partly to dissolved 
oxygen, and partly to free carbonic acid. Hard water has much less 
action on lead than soft water, since the dissolved bicarbonate and 
sulphates form a protective, coating of insoluble lead salts on the metal. 
Peaty water containing organic acids acts rapidly on lead (or zinc) 
unless neutralised by lime. 

Two pieces of clean lead pipe are placed in two beakers containing dis- 
tilled w ater and tap* w ater, respectively, the metal being Only partly covered. 
Allow the beakers to stand for a few hours. The distilled w r ater rapidly 
becomes turbid, whilst the tap-water (if* bard) remains clear. Pour off the 
liquids, and add hydrogen sulphide water. Compare the brown or black 
colorations, due to lead sulphide. The water should not be filtered, as dis- 
solved load hydroxide is retained to some extent by tilter-paper. 

Mineral waters. —Natural waters containing special constituents not 
present (except in traces) in ordinary water are known as mineral 
waters. They are of several kinds : 

(1) Acidulous waters (vjj. Apollinaris and Seltzer, i.c. Heitors) contain 

dissolved carbon dioxide and sometimes common salt. The 
carbon dioxide may be liberated with effervescence when the 
water is shaken or slightly warmed. Some acidulous wat-ors 
contain sulphuric acid, from the oxidation of sulphur dioxide or 
iron pyrites. 

(2) Alkaline waters (r.g. Vichy water) contain sodium bicarbonate 

NaHC'O.,, and sometimes lithium bicarbonate LiHCO s , which are 
supposed to be beneficial in the treatment of gout. 

(3) Bitter waters contain various salts : c.q. Marion had water (sodium 

sulphate), Epsom water (magnesium sulphate), Friedrichsliall 
and Hunyudi -'hums waters (sodium and magnesium sulphates). 

(4) Chalybeate or ferruginous waters (c.g. Pyrmont waiter) contain ferrous 

bicarbonate. On exposure to air such water deposits brownish- 
rod ferric, hydroxide. 

(5) Hepatic waters (Latin hr par, liver) contain hydrogen sulphide H 2 S 

and alkali sulphide, c.g. Na 2 K. They smell of hydrogen sulphide, 
and on exposure to air deposit sulphur : 2H..S + 0 2 — 2H 2 0 -f 28, 
Harrogate water is of this type. 
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(8) Silice ous water contains dissolved silica and alkali silicates. Such 
waters, e.g. of the geysers of Iceland, New Zealand, and Yellow- 
stone Park (America), are usually almost boiling and deposit 
masses of siliceous sinter at the mouth of the geyser. 

(7) Iodine water contains dissolved iodides anti occurs at Woodhall 
Spa (Lincoln) and in Central Europe. 

Hot-springs occur in various places, e.g. Buxton (28°) and Bath (47°). 

They contain dissolved gas, including helium, and traces of 
radium emanation. 

Sea water contains dissolved salts, especially sodium chloride. An 
analysis of the wat er of the Irish Sea, in parts per 1000, is : 

Nad KOI MgCl., MgBr 2 MgS0 4 CaS0 4 CaOO* Mgl 2 

20*44 0*748 3*151 0*0705 2*000 1*332 0*0175 0*0025 

Sea water behaves as a hard water since it contains calcium and 
magnesium salts and also because the common salt in it precipitates 
soap as such, or prevents it from forming a solution. 

Pure Water. — For chemical purposes water is purified by distillation. 
If the intermediate portion of the distillate is collected in good glass 
bottles, previously steamed out to remove the alkaline layer from the 
glass, the water is very nearly pure. A copper vessel with a pure tin 
or a copper condenser without brazing is the best apparatus to use. 
Still purer water is obtained by destroying the nitrogenous organic 
matter (which gives traces of ammonia on distillation) by passing 
chlorine through boiling distilled water for half an hour. The chlorine 
is boiled out, pure potassium hydroxide and permanganate are added, 
and the water distilled, the first half being rejected and a quarter only 
of the remainder collected. The process is repeated with this fraction. 

The combining volumes of hydrogen and oxygen .-Early experiments 
on the composition of water by volume are those of Cavendish (1781) 
who obtained the ratio H 0-201 : 100, Gay-Lussac and Humboldt 
(1805) who found 190*89 : 100, and Bunsen, whose numerous deter- 
minations indicated an almost exact ratio of 2 : i . 

Accurate measurements of the combining volumes were made by 
Alexander Scott, whose experiments in 1887-9 and 1893 at first gave 
slightly varying ratios, from 199*4 : 100 to 200 : 100. The later experi- 
ments showed that this variation was due to a very thin film of grease 
carried over from the lubrication of the stopcocks into the eudiometer, 
which took up a little oxygen during the explosion, burning to carbon 
dioxide and steam. The apparatus (Fig. 1 14) consisted of a pipette A 
in which gas was measured and passed into a mixing container H over 
mercury. Pure oxygen was obtained by heating silver oxide, pure 
hydrogen by the action of steam on sodium. The mixed gas was ex- 
ploded in portions by sparking in the eudiometer J and the residual gas 
measured in A and analysed. In this way the volume ratio hydrogen : 
oxygen = 2*00285 : 1 at 8.T.P. was found. Moles (1925) recalculated 
Scott’s value as 2*00302 : 1 . 

Burt and Edgar (1915) found as the average of 59 determinations 
, 200*288 : 100, agreeing with Scott’s value to 3 parts in 200,000. The 
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special points of the research were : (1) very carefully purified gases 
were used ; (2) the actual measurements were carried out at 0° and 
under 1 atm. pressure, so that temperature and pressure corrections 
were eliminated. 

The hydrogen, prepared by the electrolysis of recrystallised barium 
hydroxide solution, was dried by phosphorus pentoxide and further puri- 
fied: (i) by passing over charcoal cooled in liquid air which adsorbs 
oxygen and nitrogen but only a little hydrogen ; (ii) by passing through a 
tube containing palladium black to convert oxygen to water, and then 
pumping the gas tl trough the walls of a closed palladium tube heated 
electrically. The palladium tube was welded to a short platinum tube 



sealed into a glass tube. This was sealed inside a wider tube, and the 
palladium heatod by a platinum spiral w ound on a quartz cylinder slipped 
over it. The palladium was protected from mercury vapour from the 
pumps by plugs of gold wire sponge. The palladium was charged with 
hydrogen at 100°, 300 ml. of gas were pumped off at 180° and the metal 
was recharged with hydrogen at 100°. 

The oxygen was prepared : (1) by the electrolysis of barium hydroxide 
solution, liquefaction in fresh liquid air, and fractionation ; (2) by heating 
pure potassium permanganate in glass tubes and washing the gas (a) with 
concentrated potassium hydroxide solution, (b) with saturated barium 
hydroxide solution, (c) with very concentrated potassium hydroxide 
solution. Tho gas was then dried by sticks of potassium hydroxide, and 
phosphorus pentoxide, liquefied, and fractionated. 

The apparatus (Fig. 115) consisted of a 300 ml. glass pipette A sealed to 
capillary tubes at each end. The lower capillary was expanded to a dead- 
space B of 1 ml. capacity, with a glass levelling-point. The upper capillary 
led to a 3-way tap C. The pressure of the gas in tho bulb was equal to the 
vertical distance between the mercury surface in B and that in the upper 
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chamber D t also provided with a levelling point. B and D were kepi at a 
constant distance apart by a stout glass rod sealed between them. The 
manometer head passed to a. mercury pump. The T -piece H and the tap 
J formed a volume adjuster ; the capacity of the pipette A could be varied 
within narrow limits by withdrawing mercury from 1J ; this mercury could 
be weighed, and its volume thus accurately determined. The bulb A and 

upper part of the appartus were enclosed 
in an ice-bath, the lower dead-space was 
surrounded by a small brine bath M. The 
mercury for displacing the gas was con- 
tained in a bulb below, and an air-catch 
0 protected the pipette from air leaks 
through the rubber. The volume of the 
apparatus from C to the level of the glass 
point in the dead -space B was determined 
by weighing the contained mercury. 

Tlie gas was allowed to enter the 
pipette, displacing mercury through 0 
until the mercury surfaces in the dead- 
space and manometer stood at the glass- 
points. Since there was a vacuum above 
the mercury in the manometer, the gas 
was measured under the pressure of this 
mercury column, which was 1 atm. The tap admitting gas was then 
closed and the fine adjustment made by the Volume adjuster //, by which 
small amounts of gas could be added to the pipcMe. 

The gas was allowed to reach the temperature of the ice-bath, which took 
about three hours, and was then passed to the 1 litre explosion bulb Z by 
opening C and raising tlie mercury reservoir attached to O, mercury being 
displaced from Z through an air-trap to a reservoir. I 1 wo pipettes of hydro- 
gen with a little excess, measured h t v the volume adjuster, were passed into 
Z. A pipette of oxgen was added m portions, firing the gas by an electric 
spark after each addition. The small residual volume of wet hydrogen was 
sparked for a few minutes. The explosion vessel was then cooled by a 
mixture of solid carbon dioxide and acetone to freeze the water, the pressure 
reduced, and the residual gas sucked off through a phosphorus pontoxide 
tube into a small pump, a spiral cooled in liquid air being interposed. The 
gas volume was measured as follows. The pipette A was filled with hydro- 
gen and carefully levelled. The small volume of residual gas was then 
added and the pressure ad justment made by running a little mercury from 
the adjustor J. From the weight of this mercury the volume of the residual 
gas added to that in the bulb was calculated. 

The weights of I litre of hydrogen and oxygen at tt.T.P. according to 
Morley, are 0*089873 gm. and 1-42900 gm. respectively. The combining 
volume ratio at S.T.JL\ found by Burt- and Edgar was H/0-- 200*288 : 100. 
With these figures the weight of hydrogen combining with 8*000 parts of 
oxygen (i.e. the atomic weight of hydrogen) is : 

2-00288 x 0-089873 x 8-000 

= 1-00773. 



Fig. 115. — Burt and Edgar's 
apparatus. 


1-42900 
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Dissociation of water. — Water in the form of steam is decomposed at 
a high temperature into hydrogen and oxygen (p. 292) : 2H 2 CM 
2H 2 -f 0 2 , and to some extent into hydrogen and the hydroxyl radical : 
HgOr^H + OH. Liquid water is decomposed by exposure to ultra- 
violet light or a-rays from radium emanation ; at first only hydrogen 
is evolved, the oxygen forming hydrogen peroxide : 2H 2 0 = H 2 ^ H 2 0 2 , 
but afterwords oxygen is also evolved, probably from the hydrogen 
peroxide : 2H 2 0 2 = 2H 2 0 4 0 2 . 


Hydrogen Peroxide 

History. — Hydrogen peroxide was discovered by Thenard in 1818 ; he 
obtained it by the action of dilute acids on barium peroxide and called it 
oxygenated water , since ho showed that its formula corresponded to H 8 0 8 . 

Occurrence. — Hydrogen peroxide vapour occurs in traces in the atmo- 
sphere and traces of hydrogen peroxide are said to be found in 
plants. 

Preparation .-—Hydrogen peroxide is formed in small quantities in the 
combustion of hydrogen : H 2 f-0 2 = H 2 0 2 . This may be demonstrated 
by allowing a hydrogen flame to play on a piece of ice and adding to the 
water formed a solution of titanium dioxide in sulphuric acid ; a yellow 
colour develops, which is a sensitive tost for hydrogen peroxide. 

Hydrogen peroxide is formed by the combination of atomic hydrogen 
with the oxygen molecule, cither hy mixing gaseous at omic hydrogen (p. 1 70) 
with oxygen, or by bubbling oxygen under pressure past the cathode from 
which hydrogen is being evolved in electrolysis, when atomic hydrogen 
(nascent hydrogen ) is first set free : 2H + C) 2 -- H 2 0 2 . 

Hydrogen peroxide is prepared by the action of an acid on a suitable 
metallic peroxide. To obtain a solution of hydrogen peroxide free from 
metallic salts, barium peroxide is used with an acid which forms an 
insoluble barium salt, such as carbonic, sulphuric or hydrofiuosilicic 
acid. .Potassium peroxide and tartaric acid may be used, when potas- 
sium hydrogen tartrate is precipitated. 

By passing carbon dioxide into a suspension of barium peroxide in 
distilled water, barium carbonate is precipitated and a solution of 
hydrogen peroxide is formed : 

BaO a 4 00 2 + HoO - BaCOj + H 2 0 2 . 

Anhydrous barium peroxide is not easily acted upon by dilute sul- 
phuric acid since the particles become coated with insoluble barium 
sulphate. The hydrated barium peroxide Ba0 2 ,8H 2 G is easily decom- 
posed by cold dilute sulphuric acid (1 vol. of acid to 5 vols. of water) 
or by hydrofiuosilicic acid : 

BaO a + H 2 S0 4 = BaS0 4 -f H 2 0 2 
BaO* + H 2 SiF 6 - BaSiF fl -f H 2 0 2 . 
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To prepare the hydrated barium peroxide, commercial barium peroxide 
is finely powdered and added a little at a time to a cold mixture of equal 
volumes of water and concentrated hydrochloric acid until the acid is 
neutralised. A little baryta solution is then added, which precipitates iron 
and aluminium impurities as hydroxides. These, with the silica contained 
in the barium peroxide, are filtered off, and the filtrate is added to saturated 
barium hydroxide solution. A white crystalline precipitate of hydrated 
barium peroxide is formed, which is filtered, washed with cold water free 
from carbon dioxide, and kept moist in a stoppered bottle : 

Ba,0 2 4 2HC1 - Had 2 4- H 2 0 2 
H 2 0 2 f Ba(OH), + GH 2 0 - Ba0 2 ,8H 2 0. 

Barium peroxide also hydrates slowly when stirred with water and 
can then be decomposed by dilute sulphuric acid, or phosphoric acid. 
This method is used on the large scale. The barium sulphate precipitate 
is a valuable by-product used as a pigment ( blanc jixe ), The reaction of 
barium peroxide with sulphuric acid proceeds much more easily if a 
lilttt hydrochloric acid is added. 

Sodium peroxide added in small portions to 20 per cent sulphuric acid 
cooled in ice reacts as follows : 

Na 2 0 2 + H 2 S0 4 = Na 2 S0 4 4- H 2 0 2 . 

On cooling, much of the sodium sulphate separates as Glauber’s salt 
Na 2 S0 4 ,10H 2 0, removing some water. The solution still contains some 
sodium sulphate, which does not interfere with some of its uses, but pure 
hydrogen peroxide solution may be obtained by distilling the solution in 
a vacuum (see below). Hydrofluoric acid may be used, when sodium 
hydrogen fluoride is precipitated : 

Na 2 0 2 4- 4HF - 2NaHF 2 + H 2 0 2 . 

Solutions of hydrogen peroxide are much more stable if a little sul- 
phuric or phosphoric acid is present. Alcohol, glycerol, and barbituric 
acid are also stabilisers. Sodium stannate stabilises hydrogen peroxide 
in alkaline solution, in which it is otherwise unstable. 

The strength of hydrogen peroxide solutions is stated in terms of the 
volume of oxygen evolved on heating, when the peroxide decomposes ; 
2H 2 0 2 = 2H 2 0 4- 0 2 . Commercial peroxide is usually 10 volumes or 20 
volumes, according as it gives off 10 or 20 times its volume of oxygen. 
From the equation it is seen that 2 x 34 gm. of hydrogen peroxide evolve 
32 gm. of oxygen, occupying 224 litres at S.T.P. Thus each gram of 
peroxide evolves 329-4 ml. of oxygen. A 1 per cent solution evolves 
3*294 times its volume of oxygen ; 10 vol. peroxide is 3-04 per cent 
strength, A stronger solution on the market is “ 100 vol.” or 30 per 
cent, with the trade name perhydrol , and a 90 per cent solution, which 
is fairly stable, is manufactured for special purposes. 
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A solution of hydrogen peroxide may be concentrated : (i) By freezing, 
when ic© separates and the residual liquid is enriched in peroxide, 
(ii) By evaporation on a water bath, as hydrogen peroxide is appreciably 
less volatile than water ; at a certain point, however, decomposition 
begins, (iii) By exposing the solution in a flat dish in an exhausted 
desiccator containing concentrated sulphuric acid : at a certain con- 
centration the peroxide begins to volatilise, but by working at low 
temperatures Thenard obtained a liquid (density 1452) evolving 475 
vols. of 0 2 at 14°, i.e. containing 95 per cent of H 2 0 2 . (iv) By 
distillation under reduced pressure ; this method was also used by 
Thenard. In 1894 Wolffenstein obtained practically pure hydrogen 
peroxide by the distillation of a concentrated solution under reduced 
pressure. 

The apparatus used for distillation under reduced pressure (Fig. 116) 
consists of a distilling flask containing the solution of hydrogen peroxide 



placed on a water bath. The side tube is fitted by a rubber stopper to the 
inside of a second dist illing flask, which servos as a receiver and is cooled 
by a stream of cold water. The side tube of this flask communicates by 
pressure tubing with a pressure gauge and a large empty bottle connected 
with a good water pump. A three-way stopcock allows air to be admitted 
to the apparatus when the receiver is changed. At first water comes over, 
since hydrogen peroxide has a higher boiling point. The later fraction is 
collected and redistilled under reduced pressure, when almost pure (99 per 
cent) hydrogen peroxide is obtained. A little of this is cooled in solid 
carbon dioxide and ether, and the solid obtained is added to the rest of the 
liquid cooled at ~ 10°. Prismatic crystals of pure hydrogen peroxide, m.pt. 

- 0-89°, separate. 

Hydrogen peroxide is now manufactured in pure 30 per cent solution 
by the electrolysis of 50 per cent sulphuric acid, followed bv vacuum 
distillation in a special apparatus. Persulphuric acid (H 2 S 2 0 8 ) is formed 
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by electrolysis and on distillation this reacts with water to form first 
permonosulphuric acid (H 2 S0 5 ) andlkhen hydrogen peroxide : 

2H 2 S0 4 = II 2 S 2 0 8 + H 2 
H 2 S 2 0 8 + H 2 0 =H 2 S0 5 t H 2 S0 4 
H 2 S0 6 + H 2 0 - H 2 S0 4 4- H 2 0 2 . 

In another process, sulphuric acid containing ammonium sulphate is 
electrolysed and the resulting solution of ammonium persulphate is mixed 
with potassium sulphate to precipitate potassium persulphate K 2 S 2 0 8 . This 
is distilled under low pressure with sulphuric acid to give a solution of 
hydrogen peroxide which may be concentrated by fractional distillation 
under low pressure up to 90 per cent H 2 0 2 , which is fairly stable. This has 
been used to react with permanganates to give oxygen and steam for 
rocket propulsion, and also in burning fuels such as petrol, alcohol, and 
hydrazine hydrate in producing power. 

Properties. — Pure hydrogen peroxide is a clear, syrupy liquid, density 
1*465 at 0°, colourless in small amounts but with a bluish colour in 
bulk. It has an odour like that of nit ric acid and a harsh metallic taste, 
and it blisters the skin. It freezes when cooled, in. pt. -0*89°. When 
rapidly heated to 151°, the b.pt. at atmospheric pressure, it explodes 
violently. Under reduced pressure the b.pt. is KU'-KfU/'OS mm. and 
69*2726 mm. The pure liquid has a strong acid reaction to litmus but 
in pure dilute solution hydrogen peroxide is quite neutral. The pure 
peroxide is fairly stable and can be kept for several w eeks in the absence 
of sunlight, provided the glass of the bottle is perfectly smooth. In 
contact with rough surfaces or on shaking, decomposition occurs : 
2H 2 0 2 = 2H 8 0 f 0 2 . Finely divided metals such as gold, silver and 
platinum (but not iron) cause explosive decomposition. Got ton wool 
and a mixture of magnesium or carbon powder with a trace of manganese 
dioxide, at once inflame. By mixing the pure peroxide with water and 
cooling in a mixture of solid carbon dioxide and ether, the crystalline 
hydrate H 2 0 2 ,2H 2 0 is obtained. 

Hydrogen peroxide is formed /row its dements with evolution of heat : 

H 2 + 0 2 = H 2 0 2 -} 45-2 k. cal., 

but decomposes into oxygen and water with evolution of heat : 

H 2 0 2 - H 2 0 + JOo + 23 k. cal. 

It is unstable at the ordinary temperature, tending to pass into water 
and oxygen. 

4 Hydrogen peroxide forms addition compounds with some salts, e.g. 
(NH 4 ) 2 S0 4 ,H 2 0 2 , and with urea, C0N 2 H 4 ,H 2 0 2 , and in these compounds 
it behaves like water of crystallisation. The crystalline compound with 
urea is called hyperol ; it is stablised by a little citric acid and forms 
hydrogen peroxide when dissolved in water. 
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Hydrogen peroxide is an active oxidising agent , one oxygen atom being 
easily removed, with formation o? water. Arsenious and sulphurous 
acids are oxidised to arsenic and sulphuric acids : 


H 3 As0 3 + H o 0 2 - H 3 As0 4 -i HoO 
H 2 S0 3 + H“0 2 =-H 2 S0 4 i HoO. 

Blackhead sulphide is oxidised to white lead sulphate : 

PbS f- 4H 2 0 2 - PbS0 4 + 4H 2 0, 


a reaction used in restoring discoloured oil paintings in which the white- 
lead pigment (basic lead carbonate) has been blackened by atmospheric 
hydrogen sulphide. Ferrous salts in acid solution are oxidised to ferric 

saUs : 2 FcN0 4 j H 2 0 2 + H 2 S0 4 -Fe a (S0 4 ), ) 2U 2 0. 


The oxidising action is used in bleaching delicate materials (wool, 
hair, silk, ivory, feathers) which would be injured by chlorine ; the 
solution of the peroxide is made faintly alkaline with ammonia or 
added to 10 per cent sodium acetate solution. Hydrogen peroxide 
bleaches hair to a golden-yellow colour. It is also an antiseptic, and as 
it leaves no injurious products after its action it is largely used as a 
gargle, etc. 

Platinum black and especially colloidal platinum (prepared by striking 
electric arcs between platinum wires under distilled water), bring about 
a rapid catalytic decomposition of hydrogen peroxide ; the solution is 
also decomposed catalytically by manganese dioxide : 


2H 2 0 a -2H 2 0 + 0 8 . 

In some reactions hydrogen peroxide appears to act as a reducing 
agent. Thenard (1819) found that gold and siher oxides are reduced 
to the metals : Hj0a 4 A gii O - IU) -t 0 2 t 2Ag. 


Brown silver oxide is precipitated by sodium hydroxide solution from 
silver nitrate solution and hydrogen peroxide solution added. There is a 
brisk effervescence of oxygen and the brown silver oxide is converted into 
black metallic silver. A further quantity of tl 2 0 2 added is catalytically 
decomposed by the finely divided silver. 


Hydrogen peroxide slowly reduces ozone to oxygen : 

0 3 i H 2 0 2 -2<V HoO. 

Hydrogen peroxide is used as an a ntichlor to remove excess of 
chlorine from bleached fabrics : 


Cl 2 4 R 2 0 2 = 2HC1 1 0 2 . 

A solution of potassium permanganate* acidified with sulphuric acid 
is readily reduced and decolorised by hydrogen peroxide, with evolution 
of oxygen : 

2KMn0 4 + 3H 2 S0 4 + 5H 2 0 2 - K 3 K0 4 + 2MnS0 4 + 8H 2 0 + f>0 2 . 

This reaction is used in the titration of hydrogen peroxide solutions, 
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the permanganate being added from a burette until a pink colour 
appears. ^ 

Manganese dioxide liberates oxygen from a neutral solution of hydro- 
gen peroxide, the action being catalytic, but in acid solution the man- 
ganese dioxide is reduced to a manganous salt and twice as much 
oxygen is evolved as from a neutral solution : 

Mn0 2 + H 2 0 2 ■+- H 2 S0 4 - MnS0 4 i 2H a O~f 0 2 . % 

Solutions of bleaching powder and sodium hypobromite evolve oxygen : 

NaOBr + H 2 0 2 =NaBr -}■ li 2 0 1 0 2 . 

These reactions arc also used in the determination of hydrogen peroxide, 
the gas evolved being measured in a gas burette. 


An interesting case of the oxidising and reducing actions of hydrogen 
peroxide was discovered by Brodie. An acid solution of potassium ferro- 
cyanide is oxidised by hydrogen peroxide to potassium /rm cyanide : 

2K 4 Fe(CN) l 4 H 2 0 2 _ 2K 3 Fe(CN) e f 2KOH. 

An alkaline solution of potassium /emeyanide is reduced by hydrogen per- 
oxide to potassium ferroc yanide with evolution of oxygen : 

2K,Fo(CN), 4- 2KOH + H a O, - 2K 4 Fe(CN) fl + 2H 2 0 + 0 2 . 


Tests for hydrogen peroxide. — Hydrogen peroxide may be detected by 
the liberation of iodine from potassium iodide, giving a blue colour with 
starch: 2KI + H 2 0 2 — 2K0H 4 1 2 . The liberation of iodine occurs 
somewhat slowly but is rapid in presence of ferrous sulphate. Other 
substances, such as ozone and nitrites, liberate iodine from iodide. 

A delicate test is the formation from chromium trioxide Cr0 3 of a 
deep blue so-called “ perchromic acid '* Cr0 5 . A dilute solution of 
potassium dichromate acidified with sulphuric acid is added to a dilute 
solution of hydrogen peroxide in a stoppered cylinder. The solution is 
rapidly shaken with ether, which floats to the surface with a beautiful 
blue colour : this solution slowly decomposes and a bluish -green solution 
of chromic sulphate is formed in the water layer. 

The most delicate test for hydrogen peroxide is the formation of a 
yellow colour, due to titanium peroxide Ti0 3 , with a solution of titanium 
dioxide in dilute sulphuric acid. This solution is prepared by heating 
Ti0 2 with twice its volume of concentrated sulphuric acid, cooling, and 
diluting with water. 

« Other tests are : (1) guaiacol solution acidified with sulphuric acid gives 
a blue colour ; (2) guaiacum tincture, with a little blood or malt extract* 
gives a blue colour (this is also a delicate test for blood, and can be used in 
identifying blood-stains) ; (3) a mixture of aniline and potassium chlorate, 
dissolved in dilute sulphuric acid, gives a violet colour ; (4) filter-paper 
soaked in a solution of cobalt naphthenate and dried, changes from rose to 
. olive-green with hydrogen peroxide. * J' * 
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Formula of hydrogen peroxidg. — The vapour density of hydrogen 
peroxide as determined under reduced pressure at 90° is 17 (H = 1) ; 
the molecular weight found from the freezing point of the aqueous 
solution (p. 247) is 34 ; hence the formula is H 2 0 2 . 

The constitutional formula may be HOOH, i.e. dihydroxylHOOH. 
This agrees with the instability of compounds which contain chains of 
directly linked oxygen atoms. 

In order to account for the instability of one oxygen atom, which sug- 
gests that it is linked differently from the other, Buff (180(>) and Kingzett 
( 1 882) wrote the formula as O O - H 2 , in which one oxygen is quadrivalent. 
In the modern theory of valency the maximum covalency of oxygen is 
three, and this formula should be written as [0 = 0 a weak acid. 

By the action of hydrogen peroxide on diethyl sulphate (C 2 H 5 ) 2 S0 4 , Baoyer 
and Villiger (1900) obtained diethyl peroxide (CtH B )*O s , and by the action 
of zinc and acetic acid this is reduced to ethyl alcohol C 2 H 6 OH. This 
agrees with the formula C 2 H r ,*OOC 2 H 6 : 

c 2 h 5 -o-ou 2 h 6 ~ o 2 h 6 oh + HOC.H, 


11 H 

This suggosts that the formula of hydrogen peroxide is HOOH. The 
X-ray spectrum of pure liquid 1J 2 0 2 shows that the two hydrogen atoms 
are tixed in two perpendicular planes passing through the O — O axis, as 
shown in the figure. 

H 2 0 2 is a true peroxide containing two singly linked oxygen atoms : 

H — 0 Na— 0 y 0 

| . Sodium peroxide is ! and barium peroxide Ba< | . 
H — O Na — O O 

True peroxides give hydrogen peroxide with dilute acids and differ in 
constitution from dioxides of lead, manganese, etc., which contain 
higher valency states of the metals and give oxygen with concentrated 
sulphuric acid and chlorine with concentrated hydrochloric acid. Their 
formulae are of the type O— Pb 0. This is confirmed by the forma- 
tion of unstable higher chlorides with cold concentrated hydrochloric 
acid, e.g. PbCl 4 . With concentrated hydrochloric acid, however, barium 
peroxide evolves chlorine (Brodie, J8G3) : 

Ba0 2 + 4HC1 = BaCL 4 Cl 2 + 2H 2 0. 

Autoxidation. — The formation of hydrogen peroxide during the slow 
oxidation of phosphorus, oil of turpentine, and metals by gaseous 
oxygen in the presence of w r atep was studied by Schonbein in 1858. He 
found that the oxygen is equally divided in oxidising the substance (e.g. 
lead) and in forming hydrogen peroxide. Such a reaction is called 
autoxidation . 

He supposed that atomic oxygon exists in two forms, negative ozone © 
and positive antozone ©. The antozone formed hydrogen peroxide with 

• * 
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water or oxidised indigo or other oxidisabl© substance. Brodie (1850) 
allowed that all the supposed reactions of antozone are due to hydrogen 
peroxide. 

Brodie, and Clausius (1858), considered that the oxygen molecule, which 
they thought contained two atoms of opposite polarities, is divided in 
autoxidation reactions, one atom oxidising a substance and the other 
forming with water a molecule of hydrogen peroxide : 

Pb4 0 2 + H 2 0 = PbO + H t O,. 

Traube (1882) suggested that the oxygen molecule unites as a whole with 
the oxidisable substance to form a koloxkie or moloxide. For example, in 
the combustion of hydrogen, H 2 unites with 0 2 to form hydrogen peroxide 
as a primary product : H 2 4- 0 2 — H 2 0 2 . The reaction between zinc, water 
and oxygen he represented as : 

Zn -r O H 2 + 0 2 — ZnO 4- H 2 0 2 , 
and the primary oxidation of carbon monoxide as : 

CO + O H 2 f 0 2 — C0 2 + H 2 0 2 . 

Bach (1897) concluded that the substance undergoing oxidation ( autoxi • 
diser A) itself unites with a molecule of oxygen to form an unstable higher 
oxide, which may then react with water or some other acceptor B to give the 
lower oxide of A and H 2 0 2 or BO : 

A + O, ao 2 . 
fAO, » HjjO™ AO + H 2 0 4 , 

1 A0 2 +B-A0>B0. 

With metals, the unstable higher oxides Pb0 2 , Zn0 2 , are not the ordinary 
known ones, which do not give hydrogen peroxide with water. 

According to Engler and Wild, the oxygen molecule is first opened up to 
form — O — O — , which combines with the activator (c.c/. turpentine) to form 
the unstable peroxide. In some cases these unstable peroxides have been 
isolated. The bleaching and disinfecting properties of turpentine are due 
to its ability to activate oxygen in this way, and it forms a peroxide on 
standing in a loosely stoppered bottle. 

If a little turpentine is added to dilute potassium iodide and starch solu- 
tion in an open flask, and the mixture shaken and allowed to stand, a blue 
colour is produced. 

Induced oxidation. — A solution of sodium arsenite Na 3 As0 3 is not oxidised 
to arsenate on exposure to air, but a solution of sodium sulphite Na t f30 8 is 
oxidised to sulphate. When a solution containing both arsenite and sul- 
phite is exposed to air, both salts are oxidised : 

Na 2 S0 3 4 Na 3 As0 3 4 0 2 - Na 2 S0 4 + Na 3 As0 4 . 

This induced oxidation may be explained on Brodie’s or on Bach’s 
theories. The Na 2 »S0 3 is called an inductor , the 0 2 molecule the actor , and 
the Na 8 As0 3 (which is not oxidised by itself) the acceptor : 

I. Brodie' 8 theory : Na 2 S0 3 4-0 0 4 - H 2 0 — Na 2 S0 4 4 H 2 O t 

Na 8 As0 8 4-H 2 0 2 ^Na 3 As0 4 + H 2 0. ' 

. 
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II, Bach's theory : Na 2 S0 8 + 0 2 - Na 2 S0 5 

Na a AsO a + Na 2 SO s - Na a As0 4 + Na 2 S0 4 . 

Deuterium peroxide,— A “ heavy ” hydrogen peroxide, deuterium per- 
oxide DoO a , is formed by passing “ heavy steam ” (D 2 0 vapour) tlirough a 
mixture of deuterosulphuric acid D 2 S0 4 and potassium persulphate K 2 S 2 O a 
(which form D 2 S0 6 , undergoing hydrolysis by D a O) and condensing the 
vapour. The solution of D 2 0 a in D a 0 thus obtained is fractionated, and 
pure D 2 0 2 obtained (Fehdr, 1939). HD0 2 is also known. 



CHAPTER XIV 
CHLORINE 

History. — In 1658 Glauber obtained “ spirit of salt ” by distilling 
common salt with concentrated sulphuric acid and dissolving the evolved 
gas in water. The other product of the reaction was sodium sulphate, 
called Glauber's salt. In 1772 Priestley found that the gas, which is very 
soluble in water, could be collected over mercury. The solution is spirit 
of salt, then called muriatic acid. Lavoisier (1789) regarded it, like other 
acids, as the oxide of a non ‘metal lie element then unknown and called 
by him the muriatic radical . 

In 1 774- Schoole had examined the action of concentrated muriatic acid 
on “ black manganese ” (manganese dioxide). This dissolved in the cold 
acid to form a dark-brown solution, which on warming gave off a greenish- 
yellow gas which had a powerful odour and bleached vegetable colours. 
Scheelo said this gas w’as muriatic acid deprived of phlogiston by the 
manganese, and since he thought hydrogen was phlogiston, this means 
muriatic acid deprived of hydrogen, which is correct. 

In 1785 Berthollet exposed a solution of the greenish -yellow gas in w r ater 
to light, when it gave off bubbles of oxygen and left a solution of muriatic 
acid. Hence he considered that the gas was a compound of muriatic acid 
and oxygen, or oxymuriatic acid. 

The production of oxymuriatic acid by the action of oxidising agents (e.g. 
manganese dioxide) on muriatic acid, and Berthollet ’s experiment, both 
seemed to show that oxymuriatic acid was a higher oxide of the muriatic 
radical. All that remained was to isolate the muriatic radical and this was 
regarded as a task for the future. 

In 1810 Davy tried to decompose oxymuriatic acid into oxygen and the 
muriatic radical. Fie burnt phosphorus in the gas, expecting to get phos* 
phorus pentoxide, but the products were a volatile liquid (phosphorus 
trichloride) and a solid (phosphorus pentachloride) quite different from 
phosphorus pentoxide. On heating sulphur in the gas he did not obtain 
sulphur dioxide but a liquid (chloride of sulphur). Charcoal even when 
heated in the gas at a very high temperature (the electric arc) did not form 
any carbon dioxide but was entirely without action. 

Since all the products obtained from “ oxymuriatic acid ” weighed more 
than the gas, and since no compounds known to contain oxygen could 
be formed from it, Davy concluded that “ oxymuriatic acid ” is really an, 
element and called it chlorine , derived from the Greek chloros = pale green. 
Muriatic acid is a compound of hydrogen and chlorine, and should be called 
hydrochloric acid. Davy showed that in Berthollet’s experiment the oxygen 
came from the water, the hydrogen of which united with the chlorine to 
form hydrochloric acid : 

2H 2 0 + 2C1 2 = 4HC1 + O r 
200 • 
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H© found that dry chlorine does not bleach and the bleaching action is 
due to nascent oxygen liberated from the water which must be present. 

The production of chlorine from muriatic acid and higher oxides ( e.g . 
manganese dioxide) is explained by the oxidation of the hydrogen of the 
acid, setting free the chlorine : 

4IIC1 -4- MnO a — MiiC 1 2 4 2H 2 0 4 Cl 2 . 

This may be shown by passing dry hydrogen chloride gas over some dry 
manganese dioxide heated in a bulb tube, when chlorine is evolved and 
moisture condenses on the cool part of the tube. 

Preparation.™ -Chlorine is evolved on heating gold, platinum and 
cupric chlorides ; the lower chlorides of platinum and gold are first 
formed but decompose at higher temperatures : 

Pt01 4 - PtCl 2 4 CL PtCL - Pt 4 Cl 2 

AuC 1 3 - AuCl 4 Cl 2AuCl « 2Au 4 Cl 2 ; 

cupric chloride decomposes into chlorine and the stable cuprous chloride : 

20uC1 2 -20uC 1 4 Cl 2 , 

Pure chlorine can be prepared by the electrolysis of fused silver 
chloride with carbon electrodes : 2 AgCl - 2Ag 4 01 2 . 

Hydrogen chloride gas is oxidised by free oxygen when a mixture of 
hydrogen chloride gas with oxygen or air is passed over a heated 
copper salt acting as a catalyst : 

4H01 f 0 2 ~ 2H 2 0 4 2C1 2 . 

Chlorine (mixed with nitrogen j is formed by passing air over strongly 
heated magnesium oxychloride : 

2Mg 2 OC) 2 r () 2 ~ 4MgO 2CL. 

The common laboratory method for the preparation of chlorine is to 
heat 100 grn. of manganese dioxide (best in small lumps) with 300 ml. of 
concentrated hydrochloric acid in a flask (Fig. 117) : 

MnO s 4 4H01 - MnCl 2 4 2H,0 4 Cl 2 . 

The reaction probably takes place in two stages ; a higher chloride of 
manganese MnCl 3 is first formed in the cold as a dark-brown solution, 
which decomposes on Jieating into chlorine and manganous chloride 
MnCl 2 : 

2Mn0 2 4 8HC1 » 2MnCJ 3 4 Cl 2 4 4H 2 0 
2MnCi 3 -2MnCl 2 4Clo. 

The gas is washed with a little water to free it from hydrochloric acid 
and is collected in dry jars by downward displacement, since it is 2| 
times as heavy as air, is fairly soluble in water, and attacks mercury. 

Chlorine has a powerful action on the mucous membranes and the experi- 
ment is best performed in a fume cupboard. The gas may also be collected 
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over a saturated solution of common salt. It may be dried by calcium 
chloride, concentrated sulphuric acid, or phosphorus pentoxide. 


Instead of using hydrochloric acid, a mixture of common salt, man- 
ganese dioxide and 50 per cent sulphuric acid may be heated, when 
hydrochloric acid is first produced and is then oxidised by the manganese 
dioxide ; this mixture evolves a slow stream of chlorine in the cold : 

4NaCl+ Mn0 2 + 3H 2 S0 4 = Na 2 S0 4 + 2NaHS0 4 + MnCl 2 4- 2H 2 0 4 Cl 2 , 



Fig. 117 — Preparation of chlorine. 

Chlorine is evolved on heating concentrated hydrochloric acid with 
red lead or lead dioxide : 

Pb 3 0 4 + 8HCI « 3PbCl a + 4H 2 () + Cl 2 
Pb0 2 -i 4HC1 - PbCl 2 4 2H 2 6 4 Cl 2 , 
or concentrated hydrochloric acid with potassium dichromate : 

K 2 Cr 2 0 7 + 14HCI = 2KC1 + 2CrCl 3 + 7H 2 0 4~ 3C1 2 , 
and by dropping cold concentrated hydrochloric acid on bleaching 
powder : CaOCl 2 + 2HC1 _ CaCl 2 + C I 2 H H 2 0, 

or on potassium permanganate : 

2IvMn0 4 + 16HCU2KC1 4- 2MnCl 2 4 8H 2 0 + 5C1 2 . 

Pure chlorine may be obtained by drying with concentrated sulphuric 
acid the chlorine obtained from hydrochloric acid and potassium perman- 
ganate, liquefying it in a bulb immersed in a mixture of solid carbon dioxide 
and ether, and then evaporating the liquid chlorine. Pure chlorine is com- 
pletely absorbed by mercury, even if the materials are very dry (see p. 206). 

The Weldon process. — Chlorine was formerly made on the technical 
scale from manganese dioxide and the hydrochloric acid obtained in the 
Leblanc process (p. 210) by heating with steam in stone tanks. To 
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recover the manganese from the residual liquor, Weldon* 8 process was' 
used. An excess of milk of lime was added to precipitate manganous 
hydroxide : MnCl 2 + Ca(0H) 2 = Mn(OH) 2 + CaCl 2 . 

The liquid was heated by steam and air blown through. In presence 
of excess of lime the manganous hydroxide oxidises to manganese 
dioxide : 2Mn(OH ) 2 + 0 2 = 2Mn0 2 + 2H 2 0. 

This is a weakly acidic oxide and combines with lime to form a precipi- 
tate of calcium manganite 0aO,MnO 2 . Some more manganese liquor 
was added and the air blowing continued, when the Ca0,Mn0 2 was con- 
verted into Ca0,2Mn0 2 , called Weldon mud. This was decomposed by 
hydrochloric acid to give chlorine, and the process repeated : 

GaO,2MnO a + 8HC1 - CaCl 2 + 2MnCl 2 i 4H 2 0 + CJ 2 . 

The Deacon process. — Hydrogen chloride gas is oxidised by free 
oxygen when a mixture of oxygen or air and hydrogen chloride is passed 
over a heated catalyst containing cupric chloride : 

4HC1-I 0,»2H 3 0 + 2CI S . 

A stream of air is passed through concentrated sulphuric acid in a 
Woulfo’s bottle, into which concentrated hydrochloric acid is allowed to 
drop slowly. The mixture of air and hydrogen chloride gas is passed through 



a hard glass tube packed with pieces of pipe-clay or pumice which have been 
soaked in a solution of cupric chloride and dried, and the tube is heated 
(Fig. 118). The gas may be passed through litmus solution, which is 
bleached. 

This reaction is used on the large scale as the Deacon process. It is 
not suitable for the laboratory preparation, since the chlorine obtained 
is diluted with atmospheric nitrogen. 

The catalytic action of the copper salt has been explained as follows. 
The cupric chloride decomposes on heating to form cuprous chloride 
and chlorine : 2CuCl g - 2CuCl + Cl 2 . 
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In presence of Oxygen and cuprous chloride the hydrogen chloride is 
decomposed to form water and cupric chloride, and the reaction then 
begins again : 

4CuCl + 4HC1 + 0 2 = 4CuC1 2 i 2H 2 0 
H,0<-0 2 c! CuCl - >2 CuC1 2- 

It is sometimes assumed that an oxychloride of copper is formed : 

4CuCl 0 2 — 2 Cu 2 OC1 2 
Cu 2 OCl 2 + 2HC1 - 2 CuC1 2 + H 2 0 
20uC1 2 — 2CuC1 -t Cl 2 . 

Copper sulphate used as a catalyst is first converted into cupric chloride : 

CuS0 4 + 2HC1 — CuCl 2 -t H 2 S0 4 . 

Since the reaction 4H01 *■ 0 2 ^2H 2 0 \ 2C1 2 is reversible there is 
always some hydrogen chloride mixed with the chlorine, and in the 

Deacon process this is removed by wash- 
ing with water. The gas is then dried 
with sulphuric acid : it contains only 5 
to 7 per cent of chlorine and is used to 
make bleaching powder. 

On the largo scale hydrogen chloride from 
salt cake furnaces (p. 210) is purified by dis- 
solving in water, mixing with concentrated 
sulphuric acid, and blowing out the pure gas 
with a current of air. The mixture of air and 
hydrogen chloride then passes over pieces of 
broken bricks impregnated with a little 
cupric chloride and heated at 450° in a con- 
verter ( Fig, 119) divided into compartments, 
so that part of the mass can be removed and 
replaced when it losos its catalytic activity. 

Electrolytic processes.— Nearly all the 
chlorine used technically is now T obtained 
by the electrolysis (see p. 218) of a solu- 
tion of common salt. Chlorine is deposited 
at the anode and sodium hydroxide and hydrogen are formed at the 
cathode (see page 242) : 

2NaCl + 2H a O - 2NaOH + H 2 * Cl 2 . 

Various types of electrolytic cell are used, the main object being to 
prevent the chlorine evolved at the anode from coming in contact with 
the alkali formed at the cathode, when reaction would occur between 
them. 







FiO. 119. — Deacon convertor. 
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The Castner-Kellner cell consists (Fig. 1 20) of a shallow slate tank divided into 
three compartments by slate partitions not quite touching the floor, which 
-a covered by a pool of mercury separating the three compartments. Each 
end compartment contains strong brine and the middle one water. Anodes 
of carbon are in the end com- 
partments, and the cathode, a 
bundle of iron rods, is in the 
central compartment. Most of 
fcho current passes from the 
mercury in the central com- 
partment to the iron cathode 
and the rest, through a re- 
sistance in parallel. Chlorine 
evolved in the end compart- 
ments is led off by earthen- 
ware pipes. Sodium discharged 
on the mercury in the end compartments, acting as a cathode, dissolves 
to form sodium amalgam. The coll is given a slow rocking motion by an 
eccentric and the amalgam is brought from the end compartments to the 
middle compartment, where it act s as an anode and the sodium decomposes 
the water, forming a solution of sodium hydroxide. Hydrogen is evolved 
from the iron cathode. In the modern process, the cell is not rocked but 
the mercury is passed through the cell and the amalgam decomposed by 
water in a separate vessel. 

In the Gibbs cell (Fig. 121) the anodes are carbon rods separated by a 
diaphragm of asbestos paper from the cylindrical perforated iron cathode, 

on the ontsido of which the sodium 
hydroxide solution forms. The solution 
of sodium hydroxide is not so pure as 
that obtained in the Castner-Kellner 
cell, and the sodium chloride contained 
in it- must be* separated by evaporating, 
when the sodium chloride deposits from 
the concentrated sodium hydroxide solu- 
tion. 



^hon cathode 
and asbestos 
diaphragm 



Fro. 120. — The Castner-Kellner coll. 


Most of the chlorine is used for 
bleaching and in refining petroleum, 
either as such or (usually) as hypo- 
chlorite# of sodium or calcium, the 
latter in the form of bleaching powder . 
Some is used to make synthetic hydro- 
chloric acid, in making solvents (chlorinated acetylene), for chlorinating 
water supplies, liberating bromine from sea water, and making some 
chemicals such as carbonyl chloride and sulphur chloride. 

Electrolytic chlorine is fairly easily liquefied by cooling and compres- 
sion. The liquid is transported in cylinders or tank wagons of steel, 
since this metal is not attacked by dry chlorine. 


NaOH 
Z out let 


Fig. 121. — Gibbs cell. 
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Properties of chlorine. — Chlorine is a greenish -yellow gas with an 
irritating odour and a violently corrosive action on the mucous mem- 
branes. The density of chlorine gas (3-214- gm. per litre at S.T.P.) is a 
little higher than would be expected from the formula Cl 2 , which may 
indicate slight association into Cl 4 . 

The relative density falls slightly with rise of temperature, becoming 
normal at about 240\ and remaining normal up to 1200°. The density at 
1150° was found by Reinganum (1905) by comparing the volumes of gas dis- 
placed from a small quartz Victor Meyer apparatus, in one ease tilled with 
oxygen and in the other with chlorine. They wore equal, hence no dissocia- 
tion occurred. ( -rafts ( 1 880) obtained the same result by displacing oxygen 
by chlorine, or chlorine by oxygen, m a porcelain apparatus at 1350' , 
According to Victor Meyer and Lunger (1885), the density of chlorine at 
1400° fell to 29-29 (H — 1 ), corresponding with 21 per cent dissociation into 
atoms : Cl 2 v-2(i. Tier (1908), from specific heat measurements, assumed a 
dissociation of (i 2 above 1450 ', but t he value given by Victor Meyer and 
Langer appears to be too high. At very low pressures the dissociation is 
appreciable at 700'- 900' (Ilenglein, 1922). 

Chlorine when passed into a tube cooled in solid carbon dioxide and 
ether condenses to a,n amber-yellow liquid, boiling at -3 4-5°. On 
cooling in liquid air this forms a pale-yellow solid, melting at - 100-9°. 
The critical temperature of chlorine is 140-0 the critical pressure 70-1 
atm. 

Chlorine is a very active clement ; it readily combines directly with 
hydrogen and most metals and non-metallic elements except nitrogen, 
oxygen , and carbon . Reaction often occurs at t he ordinary t emperature, 
frequently with flame or incandescence. 

The reaction with metals does not always take place if the materials 
are dry, although pure dry mercury completely absorbs pure dry 
chlorine. Andrews (1842) found that dry copper and zinc do not react 
with dry chlorine. Reaction with dry materials occurs with arsenic, 
antimony, mercury and phosphorus. Bromine behaves similarly. 
Sodium may be melted in dry chlorine without reaction taking place 
(Wanklyn, 1883). In the following experiments, undried chlorine 
should be used. 

Sprinkle a little finely powdered arsenic and antimony into jars of chlorine. 
The substances burn, producing poisonous fumes of the chlorides As01 3 and 
SbCl 5 . 

A piece of phosphorus in a deflagrating spoon ignites spontaneously in 
chlorine, burning with a pale flame and producing fumes of PCJ 6 . 

Pass chlorine over a piece of sodium strongly heated in a hard glass bulb 
tube (Fig. 1 22). The metal burns with a very brilliant yellow flame, pro- 
ducing Nad. 

A jet of hydrogen burning in air continues to burn with an enlarged 
greenish flame in a jar of chlorine (Fig. 123), producing hydrogen 
chloride : 


Hard., 2H(i, 
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A jet of chlorine burns with a grey needle-shaped flame when introduced 
into an inverted jar of hydrogen which is burning at the mouth. 

A piece of dry red flannel 
and some dry litmus paper 
suspended in a jar of chlorine 
containing some concentrated 
sulphuric acid to dry the gas, 
are not bleached. In moist 
chlorine bleaching occurs. 

A burning taper burns in a 
jar of chlorine with a small 
dull-red flame, clouds of black 
carbon and white fumes of hy- 
drochloric- acid being evolved. 

Paraffin wax is a mixture of 
hydrocarbons, the chlorine re- 
moves the hydrogen forming 
HC1, and sots free the carbon, 
with which it does not combine 
directly. 

A mixture of 2 vols. of 
chlorine and 1 vol. of methane 
0H 4 in a gas jar, burns when 
kindled with a taper, giving fumes of hydrochloric acid and a cloud of 
carbon : CH 4 f 2CI 2 0 + 4HC1. 

A mixture of 2 vols. of chlorine and 1 vol. of ethy- 
lene C 2 H 4 when kindled with a taper, burns with a 
red flame, emitting a dense black cloud of carbon 
anti fumes of hydrochloric acid: C 2 H 4 -f2Cl 2 = 
2C + 4HCI. 

A little turpentine C 10 Il ]t poured on filter-paper 

catches fire when plunged 
into a jar of chlorine, 
giving a black cloud of 
carbon and fumes of 
hydrochloric acid : 



Flo. 122 — Combustion jf sodium in 
chlorine. 


4 
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C 10 H 16 + 8C1 2 = 

J0C + 16HC1. 

Chlorine combines 
directly with sulphur 
dioxide S0 2 , carbon 
monoxide CO, and ethy- 
lene C 2 H 4 , forming sul- 
phuryl chloride S0 2 C1 2 , 
carbonyl chloride (phos- 
gene) C0C1 2 , and ethy- 
lene dichloride C 2 H 4 C1 2 , respectively. The carbon monoxide and sulphur 
dioxide react with chlorine in presence of animal charcoal ; ethylene 
combines with chlorine on exposure to light. 


Fra. 1 211. - 


-Combustion of hydrogen in 
e-lilorine. 
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Chlorine water. — Chlorine is fairly soluble in water, 2*68 volumes of 
gas dissolving in 1 volume of water at 15°. The volumes of chlorine 
reduced to 0° C. and a total pressure (gas + water vapour) of 760 min, 
dissolved by 1 volume of water are : 

0° 10 ° 15 ° 20 ° 25 ° 30 ° 40° 50° 60 c 

401 3 095 2 035 2*200 1*985 1*709 1*41 1*20 1*0 

Below 9*6° the saturated solutions arc' metastable, being supersaturated 
with respect to the solid chlorine hydrate, in presence of which the 
solubility has a maximum value, 2*98, at [M>°. The solution prepared 
by passing chlorine into water is yellow, smells strongly of the gas, and 
is called chlorine water. It has bleaching and oxidising properties, 
precipitates sulphur from a solution of hydrogen sulphide ; H 2 S + CI 2 **■ 
2HC1 + S, and liberates iodine from potassium iodide solution : 2KI + 
Cl 2 = 2KC1 + 1 2 : with an excess of chlorine water the iodine reacts to 
form iodine chloride IC1. A solution of sulphur dioxide (sulphurous 
acid) is oxidised to sulphuric acid : 

S0 2 + C1 2 2H 2 0 = HoSO.j 2 HIT 

When chlorine water in a flask inverted in a basin of the same liquid 
is exposed to bright sunlight , it is decomposed with evolution of oxygen, 
and a solution of hydrochloric acid remains : 2 K 2 () • \ 2C1 2 - 4HC1 + 0 2 . 
In diffused daylight some chloric acid is formed : 

5Cl a a 5H 8 0 = HC10 3 + 9HC1 +■ 0 2 . 

Chlorine is more soluble in concentrated hydrochloric acid than in 
water, perhaps because a compound HCJ 3 is formed. 

Chlorine hydrate. — If chlorine is passed into water cooled in ice, 
almost white crystals separate. This substance, discovered by Ber- 
th diet in 1785, is chlorine hydrate. Its composition has been stated to 
be Cl 2 ,10H 2 O (Faraday, 3823), C1 2 ,8H 2 0 (Roozeboom, 1884), C1 2 ,7H 2 0 
(de Forcrand, 1902), and (according to Bouzat and Azinieres, 1923) 
C1 2 ,6H 2 0 if prepared in presence of liquid chlorine. The crystals are 
stable in a sealed tube at room temperature. When gently warmed 
the crystals melt with effervescence and chlorine is evolved ; if the 
experiment is carried out in the dark, the gas alter drying is verv nur© 
(Harker, 1892). ‘ v 

If crystals of chlorine hydrate sealed up in a strong tube .are'., 
warmed, they melt and liquid chlorine is formed. 

Hydrogen Chloride (Hydrochloric Acid) ^ V 

Occurrence. — Hydrogen chloride is found in some volcanic gases add 
in solution in some rivers in volcanic districts. Small quantities office; 
hydrochloric acid occur in human (0*2 to 0*4 per cent) and animal (3 
per cent in dog’s) gastric juice. 

Preparation. — Hydrogen chloride is formed by the combustion of t 
hydrogen in chlorine or chlorine in hydrogen, and by the explosion of 
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a mixture of the Wo gases when kind ltd, sparked, or exposed to light : 

H 2 -f Cl 3 ==2H01. 

It is usually made by heating a mixture of concentrated sulphuric 
acid and common salt : 

Nad 4 H 2 S0 4 - Nal 1 S0 4 +HC1. 

Sodium hydrogen sulphate (or sodium bisulphate) NaHS0 4 is formed 
unless the temperature is higher than can be reached in a glass flask, 
but when strongly heated with common salt it forms hydrochloric acid 
and normal sodium sulphate : 

NaHS0 4 + NaCl -Na 2 S0 4 4 HCI. 

In the laboratory preparation common salt (sometimes rock salt or salt 
which has been fused) is placed in a fairly large flask (to allow space for 
frothing) and concentrated sulphuric acid added through a thistle funnel. 
Some gas is evolved at once but when the reaction slackens the flask is 
gently heated on wire gauze. The gas is collected in dry jars by downward 
displacement, as it is rather heavier than air. When the jar is filled with 
gas copious white fumes issue from the mouth. These are formed by atmos- 
pheric; moisture producing a mist, of small droplets of concentrated hydro- 
chloric acid ; the dry gas is quite transparent and it does not furne with dry 
air. The gas may be dried by concentrated sulphuric acid or calcium 
chloride and collected over mercury. 

The gas should not be dried by phosphorus pent oxide, as this slowly 
absorbs it, 227 ml. of dry gas being taken up by 1 gm. of pentoxide : 

2P A + 3Hti ^ PO(i 3 h 3HPO. v 

A convenient method of obtaining the gas is to use a Kipp’s apparatus 
charged with concentrated sulphuric acid and lumps of sal ammoniac, when 
a regular stream of gas is evolved : NH 4 C1 + 11 2 S0 4 — NH 4 HS0 4 + HC1. 

Many other metal chlorides (e.g. of potassium, calcium, aluminium, 
iron, etc.) evolve hydrogen chloride with concentrated sulphuric acid ; 
lead, cuprous, silver and mercurous chlorides react slowly, and mercuric 
chloride not at all. 

Hydrogen chloride is also evolved by the action of water on the chlorides 
of many non-metals : arsenic, boron, phosphorus, silicon and sulphur (but 
not carbon), and on stannic chloride : 

PCI, 4 3H 2 G - HjJA -t 3HC1 
vSiCI 4 4 2H t O --Si() s 4 4JHC1 
SnC’h 4 2H./) - RnO* t 4H01. 

Of these, only boron chloride RCl a , titanium chloride TiCi,, and stannic 
chloride react in the gaseous state with water vapour. 

■i Darbon, sulphur and phosphorus oxychlorides are also decomposed by 

water : 

COClj 4 H*0 - CO* t- 2H01 
SOCl 2 4 H a O -= S0 2 4 2HC1 
POClj 4 3H a O = H 3 PG 4 4 3HCI. 
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Very pure hydrogen chloride gas is prepared by the action of water 
on silicon chloride, since that from sodium chloride and sulphuric acid 
contains a trace of hydrogen sulphide. 

On the technical scale hydrogen chloride and sodium sulphate are 
made by heating common salt and concentrated sulphuric acid in* a salt- 
cake furnace (Fig. 124) containing an iron pan A for the first stage of the 
process with formation of NaHS0 4 , and a hearth or fire-clay box (muffle) 

B, into which the pasty mass from the 
pan is raked and is strongly heated by 
the flames from the producer C to form 
Na 2 80 4 (salt cake). The gas is absorbed 
by water trickling over coke or pottery 
cylinders in a large brickwork or stone 
tower to form a solution of hydro- 
Fig. 124.— Salt-cake muffle chloric acid calk'd spirit of salt or 

muriatic acid , which may be yellow on 
account of impurities (e.g. iron salts). This acid is transported in 
large globular glass bottles called carboys packed with straw into iron 
crates, or in large stoppered bottles called Winchester quarts . The 
acid is used for cleaning metals (e.g: iron sheets before galvanising) 
and other purposes. 

Synthetic hydrochloric acid is made by burning electrolytic chlorine 
in electrolytic hydrogen in silica tubes, and dissolving in distilled water ; 
in another process chlorine and steam are passed over heated active 
charcoal as a catalyst : (jj ^ =2JHCl 

2C1 2 + 2H 2 () =■ 4HC1 + 0 2 . 

Properties.— Hydrogen chloride is a colourless gas, normal density 
1*6392 gm. per litre, with a very pungent irritating odour, and it attacks 
the mucous membranes of the nose and throat. It is not combustible 
and is a non-supporter of combustion. It is liquefied with difficulty, 
The liquid is colourless, b.pt. - 85*0°, density at the b.pt. 1 J84, critical 
temperature 51-45°, critical pressure 81*55 atm. When the gas is 
passed into a tube cooled in liquid air a white solid, m.pt. - ] 11*4°, is 
formed. 

The very dry liquid is without action on zinc, iron, magnesium, 
quicklime, and some carbonates, all of which are readily dissolved by the 
aqueous acid, but it readily dissolves aluminium with evolution of hydrogen ; 
2Al + 6HCl = 2A101 a + 3H,. The liquid expands on heating between - S0° 
and + 30° more rapidly than a gas. 

When very strongly heated, hydrogen chloride gas is slightly dis- 
sociated : 2HC1 *=* H 2 -i- Cl 2 ; percentage dissociation : 

*°C. 427 727 1637 1727 

%- - M x 10 5 1-34 x 10~ s 0-274 0-41 
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The gas is also decomposed to some extent by radium emanation and 
by ultraviolet light. 

Burning sodium introduced into a jar of the gas burns with a 
bright yellow Hame, producing solid sodium chloride and liberating 
hydrogen : 

2Na i 2HC1 = 2NaCl + H 2 . 

Aqueous hydrochloric acid. — -Hydrogen chloride is very soluble in 
watefc When 1 kgtn. of water is saturated with the gas at 15° it in- 
creases in weight to 1*75 kgm., and the density is 1-231. It contains 
about 43 per cent of HOI ; the commercial acid contains about 3b per 
cent and its density is 1-20. The concentrated acid fumes strongly 
in air. 

Densities of Solutions of Hydrochloric Acid at 15°. 


p.c. HC1 

Density ZV 6 

p.c. HC1 

Density l) { 

2-14 

1-010 

24-78 

1-125 

10-17 

1-050 

29-57 

1-150 

15-16 

1-075 

34-42 

1-175 

20-01 

MOO 

39- 1 1 

1-200 


The great solubility of hydrochloric aoid pis in water may be shown by 
the fountain experiment. A large round-bottomed flask is tilled with the gas 
by displacement (this takes some time) and 
fitted with a rubber stopper carrying a tube 
draw'll out to a jet. The flask is inverted with 
the tube dipping into water coloured with blue 
litmus solution as shown in Fig. 125. By blow- 
ing into the short tube on the second flask a 
little waiter is forced into tho upper flask. The 
gas dissolves, the atmospheric pressure forces 
the water in the lower flask as a fountain into 
the upper flask, and the litmus is turned reel 
by the acid solution formed. 



When hydrochloric acid containing 20-24 
per cent of HOI is distilled under 700 mm. 
pressure, the acid passes over completely at 
110° without change of composition, as 
though it were a pure substance. If a 
weaker acid (e.g. 15 per cent) is taken, a 
more dilute acid passes over until the residue 
contains 20-24 per cent of HC1 ; if a stronger 
acid (e.g. 30 per cent) is distilled it loses 
hydrogen chloride until the 20-24 per cent 
acid is left. In both eases the residual acid distils without change 
of composition. Since the composition remains constant during dis- 
tillation, the vapour has the same composition as the liquid, hence 
the boiling point (110°) remains constant. This is the maximum boil- 
ing point for the aqueous acid ; weaker and stronger solutions boil at 
lower temperatures. 


Fig. 1 25. — Demonstra- 
tion of the solubility of 
hydrogen chloride. 
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Roscoe and Dittmar (1860) found that tho concentration of the acid of 
maximum boiling point decreases with rise of pressure in distillation : 

Pressure mm. Hg - 50 700 760 800 1800 

Per cent HC1 in max. b. pt. acid - 23*2 20-4 20-24 20*2 18*7 

By passing hydrogen chloride gas into tho concentrated acid at 23° 
Pierre and Pouchot obtained a crystalline hydrate HC1,2H 2 0 (m. pt. - 18°), 
decomposing on warming. Rupert (1907) obtained 
another crystalline hydrate HCI,H 2 0. 

Formula of hydrogen chloride. — The composi- 
tion of hydrogen chloride may be determined 
either by analysis or by synthesis . 

Analytical methods. — (i) Hydrochloric acid (sp. 
gr. 11) is electrolysed with gas-carbon electrodes 
(Fig. 126), since platinum is attacked by chlorine. 
When the acid is saturated with chlorine, equal 
volumes of hydrogen and chlorine are evolved. 

(ii) Tho closed limb of the U-tube shown in 
Fig. 127 is filled with dry hydrogen chloride gas. 
The lower stopcock is closed 
and the open limb nearly 
filled with liquid sodium 
amalgam. This stopcock is 
thon opened so as to bring 
the gas in contact with the 
amalgam, and the apparatus 
is allowed to stand. A white 
crust of sodium chloride is 
slowly formed, and the volume of gas after levelling 
is decreased to half. When mercury is poured into 
the open limb of the U-tube to displace tho gas 
through the upper stopcock, it will be found to be 
inflammable, and is hydrogen. 

This experiment shows that 1 vol. of hydro- position^ "hydrogen 
gen chloride contains \ vol. of hydrogen, or (by chloride by sodium 
Avogadro’s hypothesis) 1 molecule of hydrogen arnal * rum * 
chloride contains \ molecule or 1 atom of hydrogen, and lienee the 
formula is HOI*. The density of the gas gives the molecular weight 
36*5. This contains 1 part of hydrogen, hence it contains 35*5 parts, 
or 1 atom, of chlorine and the formula is HOI. 

Synthetic method . — The composition of hydrogen chloride may be 
shown by synthesis from hydrogen and chlorine. 

(i) One half of a tube provided with stopcocks (Fig. 128) is filled with 
chlorine and the other half with hydrogen. Tho middle stopcock is opened 
and the gasas allowed to mix in a room with diffused daylight (in mnjight 
the gases combine with explosion). After a few hours combination is 
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complete and the greenish colour of the chlorine disappears. One of the end 
stopcocks is opened under mercury and it is seen that there is no change in 
volume ; if it is opened under wator this dissolves the hydrogen chloride 
and fills the tube (provided the hydrogen and chlorine were pure and exactly 
equal volumes were used). 

*(u) A dry mixture of equal volumes of hydrogen and chlorine is passed in 
the dark into the tube shown in Fig. 129 provided with platinum wires for 
exploding the gas by a spark. The tube is placed behind a strong glass screen 

c& r — ^> 5* 

Fig. 128. — Synthesis of hydrogen Fig. 129. — Explosion of a mixture 

chloride. of hydrogen and chlorine. 

(in case it should burst) * and a spark is passed. There is a flash of light in 
the tube and a sharp click is heard. When the tube has cooled it is opened 
under mercury and water successively, with similar results to those de- 
scribed above. 

These experiments show that : 

1 vol. hydrogen + 1 vol. chlorine =2 vols. hydrogen chloride. 

Thus 2 molecules of hydrogen chloride contain 1 molecule of hydrogen 
and 1 molecule of chlorine, or 1 molecule of hydrogen chloride contains 
| molecule (1 atom) of hydrogen and l molecule (1 atom) of chlorine. 
Hence the formula is HOI. This may be confirmed by a measurement of 
the density of the gas. 

By a careful determination of the limiting density of hydrogen 
chloride, Gray and Burt (1909) found the molecular weight 36*187 
(H = l). Hence, the atomic weight of chlorine (H = I) is 36*187 ~1~ 
35*187 or 35'458 (O — 16). By decomposing the gas with heated alumi- 
nium they found that 2 vols. gave 1*0079 vols. of hydrogen at S.T.P. 
The normal density of hydrogen chloride was found to be 1*63915, and 
with Morley’s density of hydrogen 0*089873 this gives for the molecular 
weight of HC1 (H = I ) 

(1*63915 x 2) / (0*089873 x 1*00790) =36*191, 
hence 01 = 35*191 (H = J). 

The gravimetric composition of hydrogen chloride was directly deter- 
mined by Dixon and Edgar (1905), who burnt pure hydrogen from a 
weighed bulb in which it was absorbed in palladium, in pure chlorine 
from a bulb of liquid chlorine prepared by the electrolysis of fused 
silver chloride, and passed into a previously evacuated glass bulb 
(Fig. 130). The hydrogen was evolved by heating the bulb containing 
palladium, and kindled in the chlorine bv an electric spark. The 

* This has occurred in the author's experience. 
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hydrogen chloride formed was absorbed in water in the bulb and its 
weight was found. The value 01 - 35458 (0 — 10) was found. Edgar 
(1908) omitted the water (which gave a little oxygen when chlorine was 
used in excess), used a quartz apparatus, and condensed and weighed the 



Fig 130. — Atomic weight of chlorine (Dixon and Edgar). 


dry hydrogen chloride in a nickel -plated steel bomb placed in liquid 
air. The hydrogen, chlorine, and hydrogen chloride were all weighed. 

Photochemical union of hydrogen and chlorine. — A mixture of prac- 
tically equal volumes of hydrogen and chlorine, containing a trace of 
oxygen, is obtained by the electrolysis of hydrochloric acid (sp. gr. 1*1) 
with carbon electrodes. The gas is washed with a little water in a bulb- 
tube and passed through a series of very thin glass bulbs (Fig. 131), the 

operation being performed in 
a dark room lighted by a ruby 
lamp. After the gas has passed 
for at least half an hour, the 
two ends of the bulbs are 
closed with wax and the capil- 
laries separating them care- 
fully sealed off with a small 
flame. The combustion does 
not usually spread from the 
heated part. The bulbs are 
kept in a dark box. 



F “- 

concentrated hydrochloric acid 
diluted with nine to fifteen parts of water gives 11 only a little oxygen with 
much chlorine at the anode,” but Bunsen showed that evolution of oxygen 
begins to be recognisable with 23 per cent acid ; with stronger acids the 
chlorine is practically pure. With more dilute acids chloric acid is formed 


at the anode as well as oxygen. The amount of oxygen liberated with 
0*1 jV acid is appreciable, according to Haber and (drinborg (1898)*. 

A bulb containing a mixture of hydrogen and chlorine, protected by a 
plate glass screen (Fig. 132), is exposed to the light of burning magnesium 
ribbon or flash-powder : a sharp explosion occurs and the glass is shattered. 
A similar bulb filled with gas dried by passing over P a O, does not usually 
explode, but the gases combine, as may be shown by opening under litmus 
solution. 
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The light starts the reaction, which then goes on spontaneously with 
evolution of heat. Photochemical reactions which involve absorption 
of energy and stop when the light is 
cut off, are the formation of ozone 
from oxygen, and the decomposition 
of hydrogen chloride and of ammonia, 
by ultraviolet light. 

According to Thos. Thomson, the 
explosion of a mixture of hydrogen 
and chlorine on exposure to sunlight 
was discovered by Dalton, who com- 
municated it to him by letter before 
the announcement of the similar ex- 
periments of Gay-Lussac and Thenard 
in 1809. 

Pringsheim in 1887 found that the 
mixed gas, when dried with phosphorus 
pentoxide before passing into the bulb, 
does not explode when exposed to 
strong light, but the gases combine 
completely. Following experiments 
of H. B. Baker (1894), Ooehn and Tramm (1923) found that a care- 
fully purified and dried mixture of hydrogen and chlorine underwent 
no change on exposure to visible light (A>400() A.), but a partial 
pressure of water vapour of 1()~ 6 mm. was sufficient to initiate the 
reaction. With (ultraviolet) light of wave-length smaller than 3000 A. 
reaction occurred even with very dry gases. Other experimenters report 
that the rate of combination is not affected by moisture. Dixon and 
Harker (1890) found t hat the velocity of the detonation wave in care- 
fully dried hydrogen and chlorine was 1795 m. per see., and in moist 
gas it was 1770 m. per see. Moisture, although assisting the initiation 
of the reaction, appears to retard it once it has begun. 

J. W. Draper (1843) investigated and confirmed an effect noticed by 
Dalton (1809), that a mixture of hydrogen and chlorine did not begin 
to contract at once when exposed over chlorine water to diffused day- 
light. There was an initial “ hesitation called the period of photo- 
chemical induction. Bunsen and Roscoe (1857 59) used the apparatus 
shown in Fig. 133, called an actinometer. The mixed gases were con- 


Fio. 132. — Explosion of a mix- 
ture of hydrogen and chlorine by 
exposure to strong light of burn- 
ing magnesium. 



Fig. 133. — Actinometor of Bunson and Roscoe. 


fined in the half-blackened fiat bulb i by chlorine water. On exposure 
to light the HC1 formed dissolved and the rate of combination was 
found from the movement of the thread of liquid in the horizontal 
tube k. It was found that the rate of combination was proportional to 
the intensity of the light. Later experimenters found that with very 
. pure gases free from oxygen the rate of combination is approximately 
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proportional to the square-root of the light intensity. Bunsen and 
Boscoe also noticed the photochemical induction period. 

Burgess and Chapman (1904) showed that the period of induction was 
due to traces of impurities such as nitrogen chloride in the chlorine 
water used to confine the gases, and formed from ammonia or nitro- , 
genous organic matter in the water. If this water was first boiled 
with chlorine these substances were destroyed, and the gases then 
began to combine the instant they were exposed to light. Traces of 
oxygen retard the velocity of combination but do not give rise to 
a period of induction. 


The law of photochemical equivalence. — Planck in 1900 assumed that 
the energy of light and radiation in general may be absorbed and emitted 
in definite quanta, the quantum c for each frequency v being equal to 
the product of v and a universal constant h, called Planck’s constant : 
h = 6-6x 10 87 erg seconds, i.e. €~hv. The smaller the wave-length, the 
larger the quantum, and light of short wave-length (blue, violet or ultra- 
violet) is chemically moro active than light of longer wave-length (yellow 
or red). There is reason to believe that a single quantum of light of wave- 
length 5400 A. can be dotectod by a normal oyo fully adapted in darkness 
(Noddack, 1924). 

Einstein in 1912 assumed that the primary process in a photochemical 
change is the absorption of one quantum of energy from the radiation by 
each reacting molecule. This primary process may be followed by changes 
which occur spontaneously with evolution of energy, so that the yield may 
exceed, sometimes considerably, that calculated by Einstein’s law of photo- 
chemical equivalence. 

The products of the primary reaction may also undergo a cycle of changes 
so as to be reproduced, in which case the quantum efficiency would be 
infinite unless the “ chain reaction ” is broken at some link by collision with 
a foreign molecule (e.g. oxygen) or with the walls of the vessel. In the 
union of hydrogen and chlorine, at least a million molecules of hydrogen 
chloride can be produced per quantum. Nornst suggested the following 
mechanism : 


I. Primary (quantum) reaction (absorbs energy) : 


Cl a + hv = 2CL 

H. Secondary reactions : 


£ 


C1 + H 2 = HC1 + H 

+ a, * Ha + ca- 


lf the chlorine reacts in the atomic form, ^he reaction velocity should be 
proportional to the square-root of the light intensity (since each quantum 
absorbed produces two chlorine atoms), and this result was found with 
very pure gases free from oxygen (Chapman and Gibbs, 1931). 

Taylor and Marshall (1923) found that when atomic hydrogen is added to 
a mixture of hydrogen and chlorine, more hydrogen chloride than corres- 
ponds with its amount is formed. 

Atomic chlorine is said to be formed by the action of a high-tension 
electrodeless discharge in chlorine. It reacts with hydrogen in the dark. > 
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In some reactions photosensitisation occurs. Phosgene, C001 2) is a 
colourless gas absorbing only in the regipn of the ultraviolet. According 
tb the Grotthuss (1818) and Draper (1841) law only rays which are absorbed 
8T6 effective in producing chemical change, and phosgene is not decomposed 
by visible light. If chlorine, which absorbs blue light, is mixod with 
phosgene and the mixture exposed to ordinary light, the phosgene is 
decomposed by the energy absorbed by the chlorine, which acts as a photo- 
chemical sensitiser : COCl 8 =CO l Cl,. The combination of hydrogen or 
sulphur dioxide with oxygen is also sensitised by chlorine. 



CHAPTER XV 


ELECTROLYSIS 

Electrolysis.— When an electric current is passed through acidulated 
water, decomposition into hydrogen and oxygen gases occurs. The 
process is called electrolysis, the acidulated water is called an electrolyte, 
and the platinum plates bringing the current into and out of the 
solution are called electrodes. The electrode connected with the positive 
pole of the battery is the positive electrode or anode, that connected 
with the negative pole is the negative electrode or cathode. The gases are 


+ 

11 ELECTRODES 


Fig. 134. — Electrolytic 
cell. 

liberated only at the electrodes. The atom or radical of the electrolyte 
deposited on the anode is the negative ion or anion, that deposited on the 
cathode is the positive ion or cation. These names are summarised in the 
diagram in Fig. 134 * 

Conductors of electricity are of two kinds : (1) those which conduct the 
current without undergoing chemical change, and are simply heated 
by the current ; metals and graphite belong to this class of metallic 
conductors : (2) those which are decomposed by the current, such as 
acidulated water, and solutions of salts, called electrolytes. This name 
is now also used for the dissolved substances themselves ; common 
, salt and sulphuric acid are called electrolytes because when dissolved 
in water they form electrolytieally conducting solutions. 

* It should be remembered that the anode is positive but the anion negative, 
the cathode negative but the cation positive. The names were invented for 
Faraday by William Whewell and are not really satisfactory. It is simpler to 
Speak of “ positive and negative electrodes ” and 41 positive and nogative ions ’V 
according to the charges on each. 


» ELECTROLYTE - 

! CAT.ON®— 

j | 0 ANION ’ 

|anode(+) cathode W 



F ro . 1 35 U -tubo with 
electrodes. 
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Concentrated hydrochloric acid is decomposed by electrolysis into 
hydrogen deposited at the cathode and chlorine deposited at the anode. 
Fused sodium chloride is decomposed into metallic sodium at the 
cathode and chlorine gas at the anode. With a solution of sodium 
chloride it may be supposed that the sodium first deposited on the 
cathode by a primary action (i.e. as a direct result of electrolysis) at 
once reacts with the water by a secondary action (i.e. one not involving 
electrolysis), forming a solution of sodium hydroxide and liberating 
hydrogen gas. Chlorine is evolved by a primary action at the anode, the 
discharged chlorine atoms combining to form molecules of chlorine gas : 

2NaCl 

/ \ + 

cathode H 2 i 2Na0H^2H 2 0 i 2Na 2C1 ^Cl 2 gas anode 

Red litmus solution is turned blue around the cathode by the alkali 
and is bleached around the anode by the chlorine (Fig. 135). 

The primary deposition of sodium may be shown at a cathode of 
mercury (Fig. 130), when sodium 
amalgam will be formed and very 
little hydrogen evolved. 

When a solution of copper sul- 
phate is electrolysed with platinum 
electrodes there is a deposit of red 
metallic copper on the cathode but 
no gas. At the anode sulphuric 
acid accumulates and oxygen gas is 
evolved. The 0uS0 4 gives metallic 
copper Ou on the cathode, and the 
S0 4 radical at the anode. The S0 4 
reacts with water by a secondary 
action to form oxygen gas, and a 
solution of sulphuric acid : 

201180 , 



Kki. 130 ---Kloctrolysis with a 
mercury cathode. 


cathode 20u 280 4 + 2H a O- ^2U 2 S0 4 i 0 2 anode 

A solution of sodium sulphate on electrolysis gives sodium hydroxide 
and hydrogen gas at the cathode, and sulphuric acid and oxygen gas at 
the anode : 


2Na 2 S0 4 

✓ 


2H 2 + 4NaOH -~4H 2 0 + 4Na 

- cathode 


2S0 4 + 2H 2 0~v2H g S0 4 ■+ 0 8 

+ anode 


The production of acid and alkali may be shown by adding purple 
litmus to the solution of sodium sulphate and electrolysing in the 
U-tube with platinum electrodes (Fig. 135). The litmus is turned blue 
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by the alkali at the cathode and red by the acid at the anode. The 
hydrogen and oxygen gases evolved may be collected over water through 
the side tubes and tested. 

The distinction between primary and secondary products of electrolysis 
was made by Faraday in 1833. Faraday thought that acids and bases from 
oxysalts (e.g. Na 2 G and S0 3 from Na 2 S0 4 ) were primary products, and 
metals (e.g. copper) were secondary products formed by reduction by 
nascent hydrogen, but Dauiell (1839) followed Davy (1815) in taking the 
metals and acid radicals (e.g. 80 4 ) as primary products. 

Although the theory of secondary reactions gives a plausible explanation 
of the formation of hydrogen and oxygen in the electrolysis of many salt 
solutions, yet the reactions are probably more direct. The current is 
carried through the solution by the ions of the salt, e.g. 2Na and S0 4 , which 
accumulate round the electrodes. These are not discharged on the elec- 
trodes, since the hydrogen and hydroxide ions of the water are more easily 
discharged (H 2 0 =H + OH). The hydrogon ion is discharged at the cathode 
to form hydrogen gas, leaving the hydroxide ion t-o form sodium hydroxide 
with the sodium ion which had moved to the cathode. The hydroxide ions 
are discharged and decompose into oxygen gas and water at the anode, 
leaving the hydrogen ions of the water to form sulphuric acid with the 
sulphate ion which had moved to the anode : 40H = 0 2 f 2H 2 0 (see p. 241). 

Faraday's laws of electrolysis. — The first systematic investigations of 
electrolysis were carried out by Humphry Davy and were continued 
quantitatively by his pupil and assistant Faraday, who in 1832-33 dis- 
covered two important laws of electrolysis. 

Faraday measured the quantity of electricity passing through the 
electrolytes by means of a water voltameter (p. 41), and the modem 
definition of the unit quantity of electricity is also based on its electro- 
chemical action (p. 223). 

The quantity of electricity which passes round a circuit is measured 
by the current strength multiplied by the time. The current 
strength is measured in amperes ; one ampere 
passing for one second corresponds with unit 
quantity of electricity, or one coulomb. If the 
current passes until 1-008 gm. of hydrogen is 
liberated from the acidulated water, 96,500 
coulombs pass through the cell. If this passes 
as a small current for a long time (e.y. 0*1 
ampere for 965,000 sec.) or as a large current 
for a shorter time (e.y. 10 amperes for 9,650 sec.) 
the result is the same. Faraday showed by experi* 
ments (see below) that this holds generally for elec* 
trolytes, and also that it applies to the case where 
an ion is formed, not deposited, at an electrode, e.g. when copper dis- 
solves from a copper anode in copper sulphate solution. Hence ; 



Fig. 137. — Copper 
eoulometer. 
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The weight of an ion deposited or formed at an electrode is proportional 
to the quantity of electricity which passes through the electrolyte. 

This is Faraday’s First Law of Electrolysis (1832) ; he stated it in the 
form : “ the chemical power of a current of electricity is in direct 
proportion to the absolute quantity of electricity which passes 

This may be tosted by finding the weight of copper deposited in a copper 
voltametor (or Goniometer) (Fig. 137) by a steady current in a given 
time. The copper coulometor consists of two sheet copper anodes A and 



Michael Fahadav. 

C hanging from a bent copper rod DKFU supported in two wooden strips, 
and a thin sheet copper cathode /?, supported from the copper rod KL. 
The cathode is weighed and the vessel filled with copper sulphate solution. 
A current of not more than 1/50 amp. per sq. cm. of catiiode surface is 
ppissed by inserting a suitable resistance and a current-measuring instru- 
ment in series with the coulometor and a battery. After a suitable time 
the cathode is taken out, washed, dried and weighed to lind the 
weight of copper deposited. The experiment is repeated with the same 
current but twice the time, when twice as much copper will be deposited as 
in the first experiment. Keeping the time the same as in the first experi- 
ment, the current strength is now reduced to half by a suitable resistance in 
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series, when the weight of copper deposited will bo half the previous 
weight. 

By comparing the weights of different ions deposited (or formed) by 
the same current passing through two or more electrolytic cells in series, 
Faraday established another important result : 

The weights of different ions deposited or formed by the same quantity of 
electricity are in the ratios of their chemical equivalents. 

This is Faraday's Second Law of Electrolysis (1833) : he stated it in the 
form : “ electro-chemical equivalents coincide , and are the same } 
with ordinary chemical equivalents .” If the quantity of electricity is 
96,500 coulombs, the law is more concisely expressed in the form : 
96,500 coulombs deposit or form one gram-equivalent of any ion in 
electrolysis. This quantity of electricity is called a faraday and 
denoted by F * 

The ampere is defined as that current which, flowing uniformly for 
1 second, deposits under specified c onditions 0*001118 grams of silver 
from a solution of silver nitrate. This is called the electrochemical 
equivalent of silver. The weight 3 gm. of any ion deposited by 1 coulomb 
is its electrochemical equivalent ; hence the weight deposited by a 
uniform current of C amperes flowing for t seconds is : 

W~Czt. 

(What Faraday called the “ electro-chemical equivalent ” is what is 
now called the chemical equivalent). Since the chemical equivalent of 
silver (which is the same as its atomic weight) is 107-880, the quantity 
of electricity required to deposit this will be 107 -880/0- 00 11 18 96,500 

coulombs. 

Faradays' second law may he tested by passing the same current through 
three cells in series containing : (i) acidulated water in a water volta- 
meter ; (ii) copper sulphate solution with copper electrodes in a copper 
coulonieter ; and (iii) a solution of silver nitrate 
in a silver coulometer. The silver coulometer (Fig. 
138) consists of a platinum crucible, which is 
carefully weighed and contains a 30 per cent 
solution of silver nitrate. The crucible is placed 
on a brass plate, which is the negative terminal. 
The anode is a rod of pure silver suspended in the 
solution. A small glass cup is suspended under 
the anode to retain detached pieces. The crystal- 
line deposit of silver is washed with water and 
alcohol, and the crucible is dried in ail air-oven* 
and weighod. The volumes of hydrogen and 
oxygen, and the weights of copper and silver deposited, arc found. The 
weights should be in the ratio of the equivalents, viz. 1-008, 8, 31-6 
and 107-9. 

* Not to be confused with the farad, the unit of electrical capacity. 



Fig. 138. — Silver 
coulometer. 
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Faraday’s second law provides a method of finding the equivalent of 
an element ; for example, the equivalents of copper and silver could be 
determined in the experiment described. 

Faraday’s laws apply also to fused electrolyte. If an electrolytic 
circuit includes a water volta- H a 
meter, a copper coulometer, and 
a cell containing fused silver 
chloride with a carbon anode 
(Fig. 139), the volumes of hydro- 
gen and oxygen liberated from 
the water, and the weights of 
copper and silver deposited from 
the copper sulphate solution and 
the fused silver chloride may 

be found. The weights of hv- 
drqgen. oxygen, copper and silver K,r< - 13# - Vagram of electrolytic circuit. 

liberated will be found to be in the ratio of the chemical equivalents, 
1, 8, 31-5, and 108. 

Faraday used fused stannous chloride, which was decomposed into tin 
and chlorine, but, the chlorine at once combined with stannous chloride to 
form stannic chloride, which volatilised. He found that 3-2 grains of tin 
were set froo by the same current which liberated 3-85 cubic inches of 
electrolytic gas in a voltameter (lie does not specify temperaturo and 
pressure), and bonce lie calculated the oqui valent of tin as 57-9 instead of 58 
found by the chemical method (modern value = 59 when H = l). Faraday 
also used fused lead chloride with a carbon anode, from which chlorine was 
evolved. Fused silver chloride gave him trouble because the silver crystals 
grew across to the anode and short-circuited the current. 

He showed with fused load chloride and two molten lead electrodes that 
the weight of lead deposited on one electrode was equal to the loss in weight 
of the other electrode owing to the formation of lead chloride by the action 
of the liberated chlorine. Both weights of lead were equivalent to the 
water decomposed in a water voltameter. With fused silver chloride and 
two silver electrodes, the loss in weight of the silver anodo was equal to the 
weight of silver deposited on the cathode, which was withdrawn as the 
silver crystals grew upon it. 

The theory of electrolysis. — Since the ions appear only at the electrodes 
it is simplest to assume that they are charged atoms or radicals, the sign 
of the charge of an ion being opposite to that of the electrode towards 
which it moves by attraction. Thus : 

Anions are negatively charged atoms or radicals and cations are positive- 
ly charged atoms or radicals. 

The electricity is ferried across from one electrode to the other by the 
charged ions, and this electrolytic current completes that passing 
through the metallic circuit outside the electrolytic cell. The strength of 
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the current is uniform throughout the whole circuit , whether the latter is all 
metallic or is composed of metal wires and electrolytes. Since. the 
current in the electrolyte is carried solely by charged ions, the weight 
of an ion moving to an electrode in a given time is proportional to the 
current strength, i.e. to the quantity of electricity passing through the 
electrolyte. This is Faraday’s First Law of Electrolysis. 

Faraday’s Second Law of Electrolysis is explained by assuming that : 

The electric charge of an ion is the same for all ions of the same valency 
and is proportional to the valency . 

Thus, a univalent cation such as sodium carries unit positive charge ; 
a bivalent cation such as copper carries 2 unit positive charges ; a uni- 
valent anion such as chlorine carries a unit negative charge equal but 
opposite to the unit positive charge on the sodium ion ; a bivalent 
negative ion such as S0 4 carries 2 unit negative charges. In general, if 
e is the unit charge then the charge carried by an ion of valency n is 
±ne, positive or negative. A positive charge carried in one direction is 
equivalent to an equal negative charge carried in the opposite direction. 
The charge on a gm. at. or gm. mol. weight of an ion is Nwe, where N is 
Avogadro’s number, and on one equivalent weight the el large is Ne. 
Hence : Ne - F. 

When the charge Ne passes round the circuit it carries in the electro- 
lyte weights of ions equal to their atomic or molecular weights divided 
by the valency n, and deposits them on the electrodes. Hence the 
same quantity of electricity deposits weights of ions in the ratios of 
their equivalents. This is Faraday’s Second Law* 

The electron. — The constant electric charge on univalent ions and the 
simple multiple relation between the charges on multivalent ions suggest 
that electricity like matter is divided into atoms. This was suggested by 
Maxwell in 1873, with some re.serve, and in 1874 G. J. Stonoy calculated 
this unit charge, which he later called an electron. Helmholtz in 1881 
said : “ The most startling result of Faraday’s law is perhaps this. If 
f we accept the hypothesis that the elementary substances are composed 
of atoms, we cannot avoid concluding that electricity also is divided 
into definite elementary portions, which behave like atoms of electri- 
city.” The free atom of electricity is the negative electron, and an atom 
which has gained one electron has unit negative charge, whilst an atom 
which has lost one electron has unit positive charge. The hydrogen 
^tom, the lightest atom, loses one electron to form the positively^ 
charged proton. The mass of the electron, determined by J. J. Thomson 
in 189t*(p. 381), is only about 1/1840 that of the hydrogen atom or 
proton. 

* It must not bo thought that Faraday gave this explanation ; his ideas ate . 
not easy to understand and the present theory is due to Helmholtz. • 
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For convenience, the + or - charge of an ion is often represented by 
a dpt or a dash : 

Na+ =Na* ; Cl~ -01' 

Cu ++ =Cu' ’ ; S0 4 ~-S0 4 ". 

The ionic charges are large. To liberate 1 gm. of hydrogen, the current 
which lights an electric lamp (0-5 amp.) would have to pass for nearly fifty- 
four hours. If charges equal to that associated with 1 mgm. of hydrogen 
could be given to each of two small motal spheres placed 1 cm. apart, 
they would repel each other with a force of about 10 14 tons weight. 
As Faraday remarked, the electric charges concerned in the most 
violent flash of lightning would barely serve to decompose a single drop 
of water. 

Theory of electrolytic dissociation.— All experiments on electrolysis 
can be explained by the simple assumption that the ions move indepen- 
dently in electrolytes . 

Since any applied E.M.F., however small, will produce electrolysis if 
polarisation (which opposes the electrolysing B.M.F.) is eliminated, it 
seems that no work is spent in breaking up the electrolyte molecules. 
Clausius in 1857 assumed that some of these are already broken up in 
the solution and the only action of the current is to guide the free charged 
ions to the electrodes. Since the dissociation of common salt into 
sodium and chlorine in solution seemed inconsistent, with ordinary 
chemistry, Clausius assumed that only very few molecules were ionised, 
this process going further as the ions are removed. A similar idea 
had been put forward for chemical reactions generally by Williamson 
in 1851. 

In 1887 Arrhenius gave reasons for supposing that nearly all the 
molecules of an electrolyte are dissociated in solution into charged ions. 
In electrolysis the ions move with the current, which in the solution 
consists only of the moving ions. In a solution of sodium chloride 
the salt exists as sodium ions Na 4 and chloride ions Cl”. 

When a Cl~ ion reaches the anode it gives up an electron e to the metal 
electrode and forms a chlorine atom : Cl~ - Cl + e. The electron passes 
round the metal circuit outside the cell, and an electron from the 
cathode is given to a Na + ion, so neutralising its charge and forming 
a sodium atom : Na + + e = Na. The Cl atoms at the anode form Cl 2 
molecules and the Na atoms at the cathode either dissolve in mercury 
Jd the cathode is of mercury, or react with water to form sodium 
hydroxide and hydrogen if the cathode is of platinum. 

It should be noted that the sum of the charges on the cations in a 
solution must always equal the sum of the charges on the anions, since 
the whole solution is uncharged ; e.g. Cu ++ and S0 4 ' ~ and 2 Na 4 - and 
8p 4 -\ 
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The electronic charge* — The charge on the electron has been deter- 
mined in different ways, notably by R. A. Millikan (1912), who used the 
following very direct method. 


Two metal plates, separated by a distance of about 1 mm., were charged 
positively and negatively by attaching them to the poles of a battery. Into 
the air above the plates a fine dust of pulverised oil was blown by a spray. 
The oil drops, which settled very slowly on account of their small size, were 
electrically charged by exposure to X-rays. A particular drop, falling be- 
tween the plates through a small hole in the upper plate, was focused in 
the field of a microscope with a scale in the eyepiece, as shown diagramma- 
iically in Fig. 140. By varying the potential difference between the plates, 

the charged drop could be made to 
move upwards or downwards with any 
desired velocity. From the ratio of the 
velocities with and without the potential 
difference, the charge on the drop could 
be calculated. 

It was found that this charge varied 
during an experiment. The variations 
were not continuous, but took place in 
jumps. Each sudden change was assumed to correspond with the gain or 
loss of one or more electrons by the drop, and it was found that the charge 
varied in small multiples of 1-6 x 10 -19 coulombs. Thus, the negative 
charge on the electron is e=l-6x 10 " 19 coulombs. 



Fig. 140— Millikan’s determination 
of the electronic charge. 


The value of the electronic charge can be determined in other ways. 
If N is Avogadro’s number, then F = Ne, where F is the faraday ; 
hence any determination of N will give a value of e. 

The nature of the ions. — The question was asked Arrhenius as to how 
it is possible to have in a solution of common salt either free sodium or 
free chlorine, since the former is violently attacked by water, and the 
latter is a greenish-yellow gas, forming a greenish -yellow solution with 
water. The solution shows none of the properties of sodium or chlorine. 
The answer is that neither metallic sodium nor chlorine gas is assumed 
to be present but only sodium ions and chloride ions. These differ from 
the free elements by having large electric charges. 

Ferrous and ferric salts in solution show quite different reactions, and 
they show none of the properties of metallic iron, except in being 
slightly magnetic. They are, on the present theory, considered as 
giving two different ions in solution, viz. the ferrous ion Fe 2+ , and the 
ferric ion Fe 8+ . The addition of unit positive charge alters the properties 
of the ferrous ion, and it is reasonable to suppose that the properties of 
sodium and chlorine atoms are also changed by the assumption of 
charges. Metallic sodium and iron may be regarded as discharged ions, 
having zero charges, Na° and Fe°. 

The electrovalency of an ion is equal to its charge ; +3 for the ferric 
ion Fe*'\ -4 for the ferrocyanide ion Fe(CN) e "". It represents the 
number of electrons lost or gained by a neutral atom or radical in 
forming a cation or anion, respectively. This is an extension of the 
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elementary idea of valency, since sodium chloride in solution is not 
Na — Cl but Na + and Cl~, two separate ions. 

Reactions between ions. — Since most salts are ionised in solution, the 
reactions between them usually occur between ions. On adding sodium 
chloride solution to silver nitrate solution, the free silver ion and free 
chloride ion form insoluble silver chloride, which is precipitated, whilst the 
free sodium and nitrate ions take no part in the reaction. Instead of 
the equation : AgNO a 4 NaCl = AgCl 4 NaN0 3 , a more correct representa- 
tion is : Ag' -i- NO/ 4 Na' 4 Cl' = AgCl 4 Na* 4 NO a ', or since the sodium 
and nitrate ions are not concerned, the ionic equation: Ag* 4 Cl' = AgCl. 
In an ionic equation the sum of the positive and negative ionic charges 
must be the same on both sides : 

Zn 4 Cu" = Zn*‘ 4 Cu 

2Fo(CN) e / " / 4 Cl, = 2Fe(CN) a '" 4* 2C1' 

2NO,' + 21' 4 4H* = I, + 2NO + 2H*0. 

Oxidation and reduction. — Oxidation and reduction reactions usually 
involve changes of valency ; in stannous oxide SnO tin is bivalent, in 
stannic oxide Sn0 2 it is quadrivalent, and in ferrous oxide FeO and 
ferric oxide Fe 2 0 3 iron is bivalent and ter valent, respectively. The 
oxysalts were represented on the old dualistic theory of Berzelius as 
compounds of basic oxides of the metals and acidic oxides (acid 
anhydrides): ferrous sulphate FeS0 4 = FeO,S0 3 ; ferric sulphate 
Fe 2 (S0 4 ) 3 ==Fe 2 0 3 ,3S0 3 . Stannous and ferrous chlorides are also said 
to be oxidised to stannic and ferric chlorides by the reactions 
SnCl 2 4- 2C1 = SnCl 4 , and FeCl 2 4 Cl = FeCl 3 , the valency of tin increasing 
from 2 to 4 and that of iron from 2 to 3. The reverse changes are 
examples of reduction. 

In the ease of ions, it is seen that oxidation is an increase of positive 
charge of a cation or increase of positive electro valency, e.g. Fe*' becomes 
Fe’*’, and reduction is decrease of positive cation charge or positive 
electro valency. In the ease of anions, decrease of negative charge or 
decrease of negative electro valency corresponds to oxidation, and 
increase of negative charge or increase of negative electrovalency to 
reduction : terrocyanide ion Fe(CN) 6 "" is oxidised to ferricyanide ion 
Fe(CN) 6 '", manganate ion Mn0 4 " is oxidised to permanganate ion 
Mn0 4 '. Changes of principal valency of the metal atom in the ion 
occur here ; bivalent iron in Fe(CN) 6 "" becomes tervalent iron in 
Fe(CN) e "\ and 6- valent manganese in Mn0 4 " becomes 7-valent man- 
ganese in MnO/. If the principal valency of the metal atom is taken 
as positive, that of oxygen, halogens, and negative radicals as negative, 
the ionic charges may be found : 

Fe(CN) e "" : ferrous iron Fe 11 , 4 2, cyanide radical CN, -1, the 
valency of the ion is 4 2 - 6 = - 4. 

Fe(CN) 6 '" : ferric iron Fe m , 4 3, the valency of the ion is 3 - 6 * - 3. 

Since the net charge must remain constant in an ionic reaction, 
oxidation and reduction must occur simultaneously, some substances 
being oxidised and others reduced in the reaction. 
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Equivalent conductivity .—In a cell containing two platinum electrode!-' 
1 sq. cm. in area placed parallel to each other at a distance of 1 cm 
apart, the current in amperes which passes through a solution of an 
electrolyte between the plates when the latter are at a difference of 
potential of 1 volt is called the conductivity (sometimes specific conductivity) 
of the solution, denoted by k. 

The conductance of a cylinder of material of length l cm. and cross- 
section $ sq. cm. and resistance R ohms is 


l 

R 


-johnr 1 . 


Since s has the dimensions (cm.) 2 and l cm., the dimensions of k are 
ohm 1 cm." t 7 


When a solution of a partly ionised electrolyte is diluted the conduc- 
tivity k decreases because there arc fewer ions per cm. 3 but the degree 
of ionisation a increases with dilution, since more undissociated mole- 
cules ionise. 

Let a volume cm. 3 of solution containing 1 gram equivalent of 
electrolyte be poured into a cell with parallel electrodes of any size 
which are 1 cm. apart (Fig. 141). The current in amperes passing when 
the potential difference between the electrodes 
is 1 volt is defined as the equivalent conductivity 
A or A. Since the solution contains (/> unit 
cubes in parallel between the electrodes, the 
current is <f> times the conductivity k, hence : 

A — <f)K. 

If rj is the concentration in gm. equiv. per cm. 3 

r] — 1 !(f > ; /, X — k/t). 

As the volume ^ containing 1 gm. equiv. in- 
creases, A increases and approaches a constant 
limiting value A x called the equivalent conduc- 
tivity at infinite dilution. Since the concentra- 
Fig. 1 4 J. —Equivalent tion then approaches zero, A* is also denoted 
1 JA " * by Aq, the equivalent conductivity at zero con- 
centration. The dimensions of A are those of #c divided by 
(equiv./cm. 8 ), i.e. ohm -1 cm. 2 equiv. -1 

The approach of the equivalent conductivity A to the limiting value 
A^ at infinite dilution can be explained in two ways. (1) It may be 
assumed that the electrolyte is completely dissociated into ions at all 
concentrations, but the speeds of the ions increase as the solution 
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becomes more dilute, until in very dilute solution the ionic speeds (for 
a given potential gradient between the electrodes) become constant. 
Or, (2) it may be assumed that the speeds of the ions are practically 
constant at the various concentrations but the dissolved electrolyte is 
incompletely ionised, the ionisation increasing with dilution until at 
very high dilutions the electrolyte is completely ionised. 

On the second assumption the ratio of the equivalent conductivity 
X v at any dilution v to that at infinite dilution Aoo , when all the electrolyte 
is ionised, gives the degree of ionisation a at the given dilution : XJXaa — a. 

The dilution is the reciprocal of concentration, i.e. v is the number of ml. 
containing 1 gm. equivalent of total electrolyte. In practice, the concentra- 
tion is usually measured in gm. equiv. per litre and the dilution <f> in litres 
per gm. equiv. 

Electrolytes such as acetic acid which are only slightly ionised in 
solution are called weak electrolytes, e.g. acetic acid : 

CH 3 COOH^CH 3 COO' + H\ 

and their degree of ionisation is given by the ratio a = X v /X<x > . 

Electrolytes such as hydrochloric acid which are largely ionised in 
solution (over 90 per cent) are called strong electrolytes, and some are 
now regarded as completely ionised. On account of the electrical inter- 
action of the oppositely charged ions the change of equivalent conduc- 
tivity on dilution is in this case due almost entirely to changes in ionic 
speed, and the ratio X v fX x no longer measures the degree of ionisation, 
which is practically 1. 

Determination of conductivity. — If a direct current from a battery is 
passed between platinum electrodes in a solution of an electrolyte, the 
current strength may decrease as electrolysis proceeds. This is partly 
due to the accumulation of the products of electrolysis at the electrodes. 
These form a galvanic cell which tends to send a current in the opposite 
direction to that driven round the circuit by the battery. This reverse 
electromotive force, tending to oppose the direct electromotive force 
causing electrolysis, is called the electromotive force of polarisation. 

In measurements of the conductivity of electrolytes it is necessary 
to eliminate polarisation. F. W. Kohlrausch (1869) used an alternating 
current, i.e. one which flows alternately in one direction and then in the 
other, with a very small time interval between the reversals of direction. 
Such a current is supplied by an induction coil. The ions are driven 
first in one direction and then in the other, and only very small amounts 
are deposited on the electrodes. 

Polarisation is further reduced by depositing platinum black on the 
electrodes, by electrolysing between them a solution of 1 gm. of chloro- 
platinic acid and 8 mgm. of lead acetate in 30 ml. of water, with an accumu- 
lator, and reversing the current from time to time. The platinum black 
exposes a large surface. 

The electrolytic or conductivity cell is shown in Fig. 142. The platinum 
wires attached to the horizontal platinised platinum foil electrodes are 
r 



230 


INORGANIC CHEMISTRY 


[CHAP 

soalod into mercury contacts, from which copper wires are taken to a 
Wheatstone bridge arrangement shown diagramatically in Fig. 143 : r is 
the electrolytic cell and It a resistance box, a metre wire bridge with a 
sliding contact being connected with the coil and telephone as shown. The 
telephono is used as a detector of alternating current and the bridge is 
balanced when the sound in the telephone is a minimum. The cell should 
be in a thermostat of constant temporature, since the conductivity in- 
creases rather considerably with temperat ure. The temperature coefficient 
of the equivalent conductivity (l/A)(dA/cft) is about 2 per cent per degree, 
so that the temperature should be constant to 0*01°. Measurements are 
usually made at 18“ or 25°. 


m 


Ebonite 
/ cover 


Leads 

Solution 

Mercury 

Platinum 

electrodes 


_ Glass 
cell 


Fig .142. — Conductivity 
cell. 



Fig. 143.— Diagram of conductivity 
apparatus. 


The resistance of the conductivity cell is given by the Wheatstone bridge 
„ , It a „ 100 -a 

formula : - - ; r — R x ohms. Ohm’s law has been proved 

r 100 -a a 

experimentally to apply to electrolytes. The conductance is 1/r, i.e. 
the current in amperes for 1 volt potential difference between the 
electrodes. 

The electrodes of the conductivity cell will not usually be exactly 1 sq. cm. 
in area, parallel, and 1 cm. apart, so that the conductance 1/r is not usually 
equal to the conductivity k. Since the relation between the two depends 
only on the dimensions of the cell, it is possible to determine this once 
for all by using as electrolyte a solution of known conductivity, viz. a 
normal solution of potassium chloride (74-555 gm. of pure KC1, weighed in 
air, in 1 litre of solution) for w hich at 1 8° k 18 * = 0 09822. If the resistance of 
the cell containing this solution is r, k 18 ° — C/r~ 0-09822, where C is the cell 
constant. If any other solution is used, and if the resistance is r* ohms, the 
conductivity is K\$> — Clr'. 

In Fig. 144 the values of the equivalent conductivities A for several 
electrolytes are plotted against the square-roots of the concentrations 
of the solutions in gm. equiv. per litre. The approach to a limiting 
value Aq for zero concentration (or infinite dilation) is seen. The dotted 
straight lines are from the theoretical equation (p. 240), and it is seen 
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i bat the observed points (shown on the full lines) approach the theoreti 
ral lines at infinite dilution. 


!■■■■« 


■B— w 


Hill 


IBI 


V Concentration 

Fig. 144. — Equivalent conductivities of electrolytes. 

Reproduced ( with modification) from McKenna's “ Theoretical Electrochemistry ” ( Macmillan .) 

Kohlrausch’s law. — The independent movement of the ions of 
an electrolyte in dilute solution which is assumed in the theory of 
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electrolytic dissociation gives a simple explanation of a result dis- 
covered experimentally by Kohlrauseh in 1875 and known as 
Kohlrausch’s law : the equivalent conductivity of an electrolyte at infinite 
dilution is the sum of two parts , one depending only on the cation and 
the other only on the anion : 

A*, “ K 

where l € and 1 (l are called the mobilities of the ions expressed in equiva- 
lent conductivity units (ohm -1 cm. 2 equiv.” 1 ). This is illustrated by the 
figures for A^at 18° for four salts, the differences being constant : 

1300 126-3 

fKCl — 3-7 — KNOg ) 

21*1 \ 1 * 21*1 

( NaCl — 3 *7 — N aN 0 3 J 

108-9 105-2 

Clearly, 21*1 = Z K and 3*7 ^cr-foo,'- 
In order to calculate the separate values of l c and l a use is made of the 
transport number , determined as explained below. 

Mobilities in Aqueous Solution at 18°. 


Cations l c . Anions l„. 


Na* 

43-3 

or 

65-3 

K* 

64-5 

Br' 

67-3 

nh 4 * 

64-5 

V 

66-1 

H‘ 

315-6 

Ncy 

61-6 

A g* 

54-0 

OH' 

174 

£Zn* 

46-7 

OH 3 OOO' 

35 

£Cu~ 

45-5 

po 4 " 

67-9 

£Ba" 

55-0 

iCO/' 

60 


The large mobilities of the hydrogen and hydroxide ions should be 
noted. 

The value of A,*, for a weak acid, such as acetic acid at 18°, is found by 
adding 315-6, the mobility of the hydrogen ion, to the mobility of the 
anion, e.g . 35 for the acetate ion, CH 3 COO', 

Ac© for acetic acid = 315-6 + 35 = 350-6. 

The specific conductivity k of saturated silver chloride solution at 18° 
after suitable correction by subtraction of the conductivity of the water 
used, is l-24x 10 -3 ohm* -1 cm. -1 , and since the solution is very dilute the 
silver chloride may be considered as completely ionised. Now X^K/rj, 
and in this case A may be taken as A*, = 54-0 + 65-3= 119*3 ; ,\ 77 = 
1*24 x 10~ 6 /1* 193 x 10 2 = 1*04 x 10' 8 equiv. per cm. 3 

Migration of ions. — The bodily transfer of an ion under the influence 
of an electric field can be demonstrated, and its speed measured, by 
Nernst’s apparatus shown in Fig. 145. 

The U-tube is half-filled with a solution containing 0*3 gm. of KNO a in 
a litre of water. By connecting a funnel with the capillary tap below the 
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U -tube, a solution containing 0*5 gm.of KMn0 4 x>er litre of water, to each 100 


nil. of which 5 gm. of urea have been added to increase its density, is slowly 
admitted. The surface of separation between the liquids should bo sharp. 


A current of 0*3-0 4 amp. is passed between the 
platinum electrodes from D.C. mains. The 
purple MnO/dons move towards the anode, and 
(he levels alter as shown. If the initial levels 
n re marked by thin strips of gummed label, the 
change is apparent after 10-15 minutes. 

This experiment allows that the speed of the 
ions in bulk through the solution is very slow, as 
in the diffusion of dissolved substances (p. 1 18). 
In both cases the moving particles enter re- 
peatedly into collision with the solvent mole- 
cules. The actual ionic velocities under a 
potential gradient of 1 volt per cm. (for very 
dilute solutions, where the influence of the ions 
on one another may be neglected) are of the 
order of 0*001 cm. per sec. 

The ions in their motion in a very dilute 
solution are under the influence of two forces ; 



Fig. 145.— Demonstration 
of ionic migration. 


(i) the driving force of the potential gradient; (ii) the frictional resist- 
ance of the solvent. The frictional resistance is enormous. In order 


to pull 1 gm. mol. of potassium ions through the solution with a speed 
of 1 cm. per set*, it would be necessary to apply to them an aggregate 
force of 1,500,000 tons (Kohlrausch). 

The unequal speeds of different ions moving through an electrolyte 
in the same potential gradient give rise to changes of concentration o f 
electrolyte (not ions separately) around the electrodes. These changes 
were noticed by Gmclin in 1838 and by Daniell and Miller in 1843, but 
were first fully investigated and related to the ionic velocities by Hittorf 


V .. 

o o o o OjO oo'oooo o : o o o 


(1853). In Fig. 146 the black 
and white circles represent 
the cations and anions, in the 


upper row a before eleetro- 


ojooooooooiooooooo lysis and in the lower row b 

after. The black circles move 


to the left with a speed u and 
Fig. 146.— Migration of ions. the white circles to the right 

with a speed v which, in the 
case considered, is twice as great as u The vertical line xy divides 
the original arrangement into two equal parts. 

Before electrolysis there are eight black and white ions on each side. 
After electrolysis, when six equivalents of electrolyte have been decom- 
posed and the unpaired ions deposited, there are four undecomposed 
equivalents of electrolyte on the left and six on the right, so that four 
equivalents of electrolyte have been lost on the left and two on the 
right. The losses of neutral electrolyte around the electrodes are in the 
ratio of the speeds of the ions migrating away from the electrodes. 
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Transport number. — The fractions of the total current carried by 
the cation and anion in the above example are one third and two thirds, 
respectively, or generally 

v f(u + v ) and vj(u + v) 

and since by Kohlrausch’s law the total current A* is the sum of l c and l a : 

IJXao = u/(u + v ) and IJX 0 0 =v/(u +v) (1) 

The fraction of the total current carried by one ion is called its transport 
(or transference) number, n. It is not a constant depending only on 
that ion (as the mobility is) but varies according to the mobility of the 
other ion. If n c and n a are the transport numbers of the cation and 
anion, respectively : ^ _ w>a (2) 

Since the two ions carry all the current 

n e +n a = 1 (3) 

From equation (2) and Kohlrausch’s law : 

Aqc = l c 4- l a 

it is possible to calculate l c and l a separately from the value of Aoo and 
either n c or n a (the other being given by equation 3). 

Determination of transport number. — An apparatus used for the de- 
termination of the transport number for silver nitrate is shown in Fig. 

1 47 . The three glass part s are connected 
by rubber tubing. The anode a and 
cathode b are of thick silver wire 
cemented into glass tubes and the whole 
is filled with silver nitrate solution of 
known concentration and placed in a 
thermostat. While the apparatus is in 
the thermostat the rubber tubes are 
closed by pieces of glass rod /. A cur- 
rent of 0-02-0-04 amp. is passed for 1^-3 
hours. The experiment must be stopped 
before any change has occurred in the 
middle part c of the solution, and the 
current must not be large enough to 
cause heating and consequent mixing 
of the solutions in the dilferent parts 
by convection. A silver coulomoter in 
series measures the total quantity of 
electricity passed . After the experiment 
the screw clips d, d are closed, the apparatus taken out of the thermo- 
stat, and the liquid in the anode compartment removed through e, the 
compartment being washed out with some of the original solution and 
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Fig. 147. — Determination of 
transport number. 
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the total liquid weighed and analysed. The liquid in the U-tube is run 
out and analysed to make sure that its composition is unchanged. 

An experiment gave the following results : 1 gm. of original solution con- 
tained 0-001136 gm. Ag or 0*001788 g. AgN0 3 and 1 - 0-001788 ~ 0-9982 gm. 
water. After electrolysis 20-09 gm. of anode liquid contained 0* 03955 gm. Ag 
or 0*06227 gm. AgNO a and 20*09 - 0-06227 — 20*03 gm. water. The original 
solution contained 

0*001136 x 20-03/0-9982 = 0*02280 gm. Ag 
to 20-03 gm. water. Ag in anode compartment has increased by 
0*03955 - 0*02280— 0*01675 gm. Ag. 

In the silver coulometerO-0322 gm. Ag deposited and the same weight must 
have dissolved from the anode, hence the weight of silver which has 
migrated away from the anode is 0*0322 - 0-01675 = 0*01545. Hence the 
transport no. of Ag is 0*01545/0*0322 = 0*479, and that of NO a is 1 - 0*479 = 
0 521. 


Absolute velocities of ions. — Let a completely ionised solution of 1 gm. 
equiv. of electrolyte be electrolysed with a potential gradient of 1 volt 
per cm. The ions move with speeds of u and v cm. per sec., and since the 
total charges per gm. equiv. on each kind of ion are + F and -F, re- 
spectively, the charges transported per sec. are + iiF and - vT, where 
F - 1 faraday = 96,500 coulombs. Negative charge moving in one direc- 
tion is equivalent to positive charge moving in the opposite direction, 
hence the total charge transported per sec. is *?/F + i’F, which is the same 
as the current, viz. A* = ! c + l a . Hence : 

l c +l a - F(w + v) or l c = Tu and l a =- Tv. 

The units are : l ( and l a ohm - * 1 cm. 2 equiv.” 1 , and F coulomb 
equiv.' 1 ~ amp. sec. equiv.” 1 — volt ohm -1 sec. equiv. -1 . Hence / r /F - a 
and 1 a ;T - v are in (cm, sec. -1 ) (voltr 1 cm.) or cm. per see. per volt per cm. 

Hence the mobilities u and v expressed in cm. per sec. for a potential 
gradient of 1 volt per cm. can be calculated from the values of l c and l a 
in the table on p. 232. In this way the following values at 18° were 
found : 


H* 0*00326 
K* 0*00067 
Ag' 0*00057 
Na* 0*00045 
NH/ 0*00066 


OH' 0*00181 
NO a ' 0*00064 
r 0-00069 

or 0-00068 

SO/' 0-00071 


Strengths of acids. — Acids in solution owe their acidic properties to 
the hydrogen ion, and their strengths may be compared by measuring 
the relative ionisations in solutions containing equivalent weights of the 
acids in identical volumes. The ionisation is most conveniently deter- 
mined by the conductivity. Strictly speaking, the degree of ionisation 
should be calculated from the equation a = A/A®, but since the hydrogen 
ion is much more mobile than any of the anions of acids (as is seen from 
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the table on p. 232) it carries most of the current, and the equivalent 
conductivities A themselves are therefore approximately proportional to 
the ionisations. 


Distilled water and N 1 50 solutions of acetic, sulphuric, and hydrochloric 

acids arc poured into tubes fitted with 
platinum or copper electrodes (Fig. 
148). The electrodes are the same 
size and distance apart, and in series 
with each tube is a carbon -filament 
lamp. The tubes are connected in 
parallel with the mains. The lamps 
in circuit with the water and acetic acid 
remain dark because the conductivities 
are so small that hardly any current 
passes. The lamps connected with the 
hydrochloric and sulphuric acids light 
up, and the former is brighter than the 
latter. The order of conductivities of 
the three acids : HC1> H 8 S0 4 > CH a -CO a H is also the order of strengths. 



Fig. 148. — Comparison of con- 
ductivities of acids. 


The strength of an acid is here understood as its degree of ionisation 
in solution in water, and may not correspond with other less well- 
defined properties, e.g. its corrosiveness or even its power of neutralising 
peculiar bases such as some organic compounds. The strengths also 
vary with the solvent. 

Another interesting experiment illustrating the varying strengths of 
acids concerns the rate of solution of metals with liberation of hydrogen, 
an old method later discredited and now again restored (p. 1C4). 

The ionisation of electrolytes.— The purest water which can be 
obtained is a very poor conductor of electricity. After allowing for 
the effect of traces of conducting impurities, a slight conductivity due 
to the ions of the water itself remains. The ionisation of water into 
hydrogen and hydroxide ions is very small, and a state of equilibrium 
is set up : H 2 CMH‘ + OH'. To pass a current of 1 ampere through a 
centimetre cube of pure water at 18° would require a potential gradient 
of about a million volts, i.e. of 500,000 accumulator cells in series. The 
amount of water ionised is only one gm. mol. in ten million litres 
(10 10 ml.) 

If 1 gm. mol. of hydrochloric acid is dissolved in water so that the 
total volume of solution is 1 litre, the conductivity is increased nearly 
ten millionfold. This is due to the ionisation of the hydrochloric acid : 
HC1 = H* +cr. Nearly all the acid exists in the solution in the form 
of ions which carry almost all the current. 

Electrolytes which are largely ionised in solution are called strong 
electrolytes , those which are only slightly ionised are called weak electro- 
lytes. The following table gives the degree of ionisation a as determined 
by the conductivity, «=A/A*>, in N / 10 solutions ; although the results 
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for strong electrolytes have been modified by modem theory (p. 310) 
the general picture given by the table is still significant. 

Acids Salts 


Hydrochloric (H\ Cl') - 0-92 

Nitric (H\ N0 8 ') - - 0-92 

Sulphuric (H’, HS0 4 ') - 0*61 

Phosphoric (H\ H a P0 4 ') - 0-28 

Hydrofluoric (H\ F') - 0*085 

Acetic (H\ CH a COO') - 0 013 

Carbonic (H\ HCO a ') - 0*0017 

Hydrosulphurie (H\ HS')- 0 0007 

Boric (H\ H 2 B0 8 ') - - 0 0001 

Hydrocyanic (H*, CN') - 0*0001 


Basks 

Sodium hydroxide (Na\ OH') 0-91 
Potassium hydroxide (K\ OH 7 ) 0*91 
Barium hydroxide (Ba*\ 2OH'))0-81 
Ammonium hydroxide 

(NH 4 *,OH') 0*013 


Potassium chloride (K*, Cl') - 0*86 

Sodium chloride (Na\ Cl') - 0-85 

Potassium nitrate (K% NO s ') - 0*83 
Silver nitrate (Ag\ NO/) - 0*82 

Sodium acetate (Na*, CH s COO') 0*80 
Barium chloride (Ba*‘, 201') - 0*75 

Potassium sulphate (2K‘, S0 4 ") 0-73 
Sodium carbonate (2Na*, CO a ") 0*70 
Zinc sulphate (Zn*\ S0 4 ") - 0-40 

Copper sulphate (Cu’% S0 4 ") - 0*39 

Mercuric chloride (Hg“, 20') < 0*01 
Mercuric cyanide (Hg*\ 2CN') 

very small 


Neutralisation. — Acids are substances producing the hydrogen ion 
in solution : HC1 = H*+Cr. Bases are substances producing the 
hydroxide ion in aqueous solution : NaOH = Na* + OH', 

When an acid and a base in solution are mixed a salt is formed and 
the solution becomes neutral. This is usually represented as : 

HC1 + NaOH = NaCl + H 2 0. 

Since the acid, base, and salt are ionised, the reaction occurs between the 
ions : (H - + ci') + (Na- + OH') = (Na* + Cl') + H 2 0. 

The Na* and Cl' the ions of the salt take no part in the change and are 
free before and after the reaction. Hence neutralisation , is the union of 
the hydrogen ion of an acid with the hydroxide ion 
of a base to form practically undissociated water : 

H*+0H'=H 2 0. 

The hydrogen and hydroxide ions have the 
greatest mobilities, and on neutralisation, when 
these ions are withdrawn, the conductivity di- 
minishes. This is shown by the following 
experiment. 



Fit a rectangular glass trough with two sheet 
copper electrodes (Fig. 149). Connect these 
through an ammeter with two accumulators in 


Fia. 149. — Diminution 
of conductivity on neut- 
ralisation. 


series. Pour into the cell AT-NaOH solution containing cane sugar to in- 


crease its density and coloured with phenolphthalein. Float a slice of cork 
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on this solution, and by means of a burette introduce an equal volume of 
2V-HC1 as a definite stratum above the alkali. Switch on the current and 
observe the reading of the. ammeter. This is a measure of the current 
carried by all the ions, Na\ H% OH', Cl'. Now stir the two liquids with a 
glass rod and notice the reduced reading of the ainmoter. The ions Na* 
and CT alone now carry the current. 

A modification of this method may be used in titrating an alkaline or 
acid solution which is too strongly coloured to allow of an indicator 
being used. 

Heat of neutralisation. — The heat evolved in the neutralisation of 
one equivalent of a strong base by one equivalent of a strong acid 
should be the same for different acids and bases, since the reaction in 
all cases is the union of hydrogen ions from the acid with hydroxide ions 
from the base to form practically undissociated water: H+OH' = 
H a O. 

This is verified by experiment ; the heat of neutralisation per gm. 
equivalent of any strong acid and base is equal to about 13*7 k. cal. 

HC1 Aq + NaOH Aq 13-70 HN0 3 Aq + NaOH Aq 13-70 

HBr Aq + KOH Aq 13-76 HC1 Aq -f -lBa(OH) 2 Aq 13-85. 

If the acid or the base is weak the un-ionised acid or bas§ w T ill dis- 
sociate as neutralisation proceeds, and this dissociation causes an 
absorpt ion or evolution of heat. An example is the heat of neutralisa- 
tion of hydrofluoric acid. 

This is 16-3 k. cal., and if excess of hydrofluroric acid is added to the 
neutral fluoride solution 0 3 k. cal. is absorbed. The conductivity of 0-1 N 
hydrofluoric acid shows that only 15 per cent is ionised. On neutralisation, 
the ionised part of the acid is removed and the unionised part is progressive- 
ly ionisod until all the H* ions are removed and only F' ions remain. It 
follows from the heat of neutralisation that the ionisation of hydrofluoric 
acid evolves heat. The heat absorption where excess of acid is added is 
probably due to the formation of an acid fluoride. If the salt formed is only 
slightly ionised (a rare case) or is insoluble, the heat of neutralisation will be 
abnormal, since association of the ions of the salt or the precipitation of 
the salt, will lead to heat changes. 

Theory of $cids and bases. — In aqueous solutions of acids the hydrogen 
ion is probably attached to a molecule of water, forming the hydroxonium 
ion , H 3 0’ : H‘ + H 2 0 ~ H 3 0* . Regarded as the result of the removal of 
an electron from a hydrogen atom, the ion H’ is the free proton, and this 
could scarcely be expected to exist in solution to any appreciable extent. 
The hydrogen ion is probably also solvated in other media besides 
water. 

In the theory of acids and bases developed by Arrhenius, the 
hydroxide ion of bases occupies a position as unique as the hydrogen 
ion of acids. Another theory, first developed by Lapworth (1908), 
defines a base as a substance which unites with hydrogen ion , or an 
acceptor of protons , whilst an acid is a donor of protons . All acids have a 
common function (the formation of hydrogen ions) but this is not 
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necessary in the case of bases. A neutral ammonia molecule may accept 
a proton to form the ammonium ion and thus function as a base : 

NH 3 + H-NH 4 \ 

This is just as much a neutralisation reaction as the acceptance of a 
proton by the hydroxide ion : 

OH' +- H‘ =H 2 0. 

The ammonia molecule may abstract protons from water : 

NH 3 + H 2 O^NH 4 * I OH', 

and in this case the greater strength of ammonia as compared with 
water as a base is shown by the appearance of OH 7 ions, i.e . by an alka- 
line reaction. 

The acetate ion CH 3 COO~ is a strong base, since when a strong acid such 
as hydrochloric acid is added to solution of scxhum acetate the acetate 
ions unite with practically all the hydrogen ions, forming weakly ionised 
acetic acid molecules, CH 3 COOH. 

Tho anion of any weak acid can function as a strong base. When a strong 
acid is neutralised with sodium carbonate tho reaction is 

211* f-CCV' ^HaCCV-H 1 (), + H a O. 

Tho woak carbonic acid is unstable and decomposes almost completely. 
In solutions of sodium carbonate, tho C0 3 " ions withdraw hydrogen ions 
from the water forming very weak carbonic acid and leaving hydroxide ions 
of the water, which make the solution alkaline : 

C0 3 " i 2H a O + 20 H'. 

The real baso is the carbonate ion, a powerful hydrogen ion acceptor. 
This is an example of what is called hydrolysis (p. 302). 

Ionisation in stages. — Molecules which can give more than two ions 
often dissociate in stages, but not always. Potassium ferrocyanide ionises 
directly according to the equation: K 4 Fe(ON) 6 — 4K* -f Fo(ON) e "", 
whilst sulphuric acid ionises in two stages: H 2 S0 4 -H* +HS0 4 ', 
followed by HS0 4 ' =H’ S0 4 ". The second stage is incomplete except 

in very dilute solutions. 

At moderate dilutions sulphuric acid should behave as a monobasic 
acid. Tho conductivity shows that this is the case. But if the acid is 
neutralised with a base, the hydrogen ion is completely eliminated with 
the hydroxide ion of the base to form water : H 2 S0 4 -t 20H' ~S0 4 " 4- 
2H 2 0. As soon as the hydrogen ion corresponding with the first stage 
of the ionisation : H 2 S6 4 = H‘ 4 HS0 4 \ has been removed the HSO/ 
ion begins to dissociate. The hydrogen ion produced is removed by the 
base and further ionisation of HSO/ goes on until all the HS0 4 ' is 
ionised and only 804" ions are present. This corresponds with the for- 
mation of the normal salt and the acid behaves as if it were dibasic. 

The later stages of ionisation of polybasie acids are almost always 
small ; e.g . with phosphoric acid 

H 3 P0 4 ^H*+ H 2 P0 4 ' ^ 2H‘ + BP0 4 " ^ 3H’ 4- P0 4 '", 
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the last stage is so slight that the P0 4 "' ion in a normal phosphate such 
as Na 3 P0 4 acts as a strong base : 

P0 4 '" 4- H a O v* HP0 4 " + OH'. 

Modem theory of strong electrolytes. — The tendency of modern 
theory is to assume that strong electrolytes are practically completely 
ionised and that the change of conductivity with concentration is not 
due to changes in the number of ions with constant speeds, as in 
Arrhenius’s theory, but to changes of speed of a constant number of 
ions. In the theory of Debye and Hiickel (1923) the electrical forces 
between the charged ions are assumed to cause each ion to surround 
itself with an “ atmosphere ” of ions of opposite charge. When the ion 
moves it tends to leave this atmosphere behind, and to build up a new 
one, but owing to the slowness of motion this takes time and there will 
be an excess of ions of opposite sign behind the moving ion, tending 
to drag it back. This effect is greater the larger the concentration, 
hence the ions will move faster in more dilute solutions, and the 
equivalent conductivity A will increase on dilution until at infinite 
dilution, when the ionic forces are negligible, it reaches a constant 
value A® . 

A second effect retarding the motion of the ions is due to the friction 
offered by the solvent to the motion of the ions composing the ion 
atmosphere. This atmosphere must be dragged by the moving ion 
through the solvent, thus giving rise to a retarding force which also 
disappears (like the first effect) at infinite dilution, when the frictional 
force on the central ion alone remains. 

The theory shows that the equivalent conductivity Ago, which would 
be shown if the ions exerted no action on one another, is reduced to the 
value A = A® - ajc, where c = concentration and a is a constant, and Fig. 
144 shows that when A is plotted against the square-root of the con- 
centration it gives, at small concentrations, a straight line. This was 
discovered empirically by Kohlrausch many years ago. The theory 
shows that the slope of the A and J c line should be greater with ions of 
higher valency (e.g. Cu", S0 4 ") and this also had been found by Kohl- 
rausch. 

Evidence for the theory of electrolytic dissociation. — The main lines of 
evidence for Arrhenius’s theory may be summarised as follows : 

(1) It explains all the facts of electrolysis. 

(2) It explains why the equivalent conductivity of an electrolyte in- 
creases with dilution to a fixed maximum limit (A,*). 

(3) It accounts for the fact that the properties of electrolyte solutions are 
additively composed of the properties of the ions. 

(4) It explains reactions in qualitative analysis, e.g. why all chlorides 
(Cl') give the same reaction with silver nitrate whilst chlorates (CIOs') do 
not give this reaction. 

(5) It explains the effect of excess of reagent on the solubility of a 
precipitate (“ solubility product effect”, see p. 312), including the “ab- 
normal ” cases when complex ions arc formed. 

(6) It gives an explanation of “ abnormal ” osmotic pressures, freezing 
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point depressions and boiling point elevations shown by electrolytes (see 
Chapter XVI), and the values of a (extent of ionisation) calculated from 
the conductivity agree approximately with those found by the osmotic 
methods. 

(7) It explains the constant heat of neutralisation of strong acids and 
bases. 

(8) The “ anomalies ” of strong electrolytes, e.g. their deviation from 
Ostwald’s Dilution Law (see p. 299) are explained by a extension of the 
theory in which ionisation is still assumed. 

(9) Tt explains the action of voltaic colls. 

(10) Tt is in good agreement with theories of the structure of the 
atom. 

All the so-called “ objections ” to the theory are based on misunder- 
standing or faulty experiments or Interpretations, and need not be 
stated. 

Decomposition potentials. — Although the deposition of a gm. equiv. of 
any ion requires the passage of the same quantity of electricity (90,500 
ctnb.) the energy is different for different ions, and since this is the pro- 
duct of coulombs and volts it follows that the decomposition potentials 
an* different. A Daniel] \s cell (11 volts) will not decompose water whilst 
an accumulator (2 volts) will do so. 

When decomposition proceeds, the electromotive force set up by the 
products of decomposition deposited on the electrodes acting as a 
cell must be overcome before further deposition of ions can occur. 


Decomposition Potentials in N-Solutions 


HN(>3 

109 

NaOLi 

109 

ZnS0 4 

2-35 

h 2 ko 4 

107 

KOH 

1 07 

NftNO s 

2 15 

HC1 

131 

AgNO, 

070 

Nad 

1*98 

HBr 

0-94 

ZnBr a 

1-83 

CaOk 

1*89 


HI 0*52 

The table shows that when only hydrogen and oxygen are deposited, 
the decomposition potentials for solutions of salts, acids and alkalis 
are nearly the same. Le Blanc (1893) assumed that in such cases the 
current is carried through the solution by the ions of the salt but the ions of 
water H* and OH', being more easily deposited and, at a lower potential 
than the metal or acid anions , are deposited at the electrodes forming 
hydrogen and oxygen gases. The other ion of water remains in solution 
at the corresponding electrode, forming acid or alkali with the salt anion 
or cation which has arrived there after carrying the current through 
the solution to the electrode. 

In the electrolysis of sodium sulphate solution, the sodium and 
sulphate ions are present in large amounts and carry the current through 
the solution. At the electrodes these ions are not discharged, since the 
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hydrogen and hydroxide ions of water are more easily discharged. The 
result is : 


4 



- 

*o,+h 2 o 

- SO/' 

2Na’~> 

H. 

t 



A 

20H' 

2H- 

20H' 

2H*| 


That is, 2NaOH+H 2 are formed at the cathode and H 2 S0 4 l-|0 2 
+ Jf 2 0 at the anode. The same result was found from the complicated 
(and probably incorrect) scheme of secondary reactions usually given 
(see p. 220). 

Only very small amounts of hydrogen and hydroxide ions are present 
in the water but as fast as they are discharged fresh supplies are formed 
by the ionisation of the water. 

In the decomposition of HC1, HBr and HI the potentials are smaller, 
since halogens and not oxygen are liberated at the anode, and with 
AgN0 3 silver and not hydrogen is liberated at the cathode. 

In the electrolysis of sodium chloride solution (brine) as in the 
industrial preparation of chlorine and sodium hydroxide (p. 204), the 
chlorine ions move to the anode, where they arc discharged, and the 
chlorine atoms combine to form chlorine molecules, which appear as 
chlorine gas : 2C1' -Cl 2 + 2e. The sodium ions moving to the cathode 
are not discharged unless the cathode is of mercury, as in the Oastner- 
lvellner cell. Instead, the hydrogen ions of water discharge and form 
hydrogen gas as explained above, leaving the hydroxide ions of water 
to form a solution of sodium hydroxide with the sodium ions round the 
cathode : 2Na' +2H* + 20II' -2(Na* +OH') * H 2 . 

Usually an ion is discharged when the potential difference between 
the electrode and solution exceeds a certain value called the electrode 
potential, but in the case of hydrogen ions especially, an overpotential 
is required (see p. 800). On mercury the overpotential of hydrogen is 
large, hence sodium ions discharge by preference. 
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MOLECULAR WEIGHTS IN SOLUTION 

Semipermeable membranes. — When a concentrated solution of copper 
sulphate in the lower part of a cylinder is covered with a layer of 
water, the copper sulphate gradually diffuses upwards until the solu- 
tion becomes homogeneous and of uniform colour. The dissolved 
molecules behave to some extent like a gas ; they are in motion and 
possess kinetic energy. If we could interpose a partition in the solu- 
tion which would stop the dissolved molecules but would be freely 
permeable to pure water, we should expect tho copper sulphate ions to 
exert a pressure on the partition. A partition which freely lets through 
the pure solvent but stops the dissolved substances is called a semi- 
permeable partition or (since it is usually prepared in the form of a thin 
film) a semipermeable membrane. 

If a drop of copper sulphate solution is introduced from a pipette into 
a solution of potassium ferrocyanido a skin forms over it, composed of 
copper ferrocyanide produced as a reddish-brown gelatinous precipitate 
when the two solutions are mixed : 

20uK0 4 + K 4 Pe(CN) 6 - Ou a Pc(C!N) e ^K 2 S0 4 . 

The pellicle is semi permeable, because no copper salt diffuses through 
the drop, the ferrocyanido solution remaining clear. The drop expands 
or shrinks on standing owing to passage of ustipr through the pellicle. 
By holding the drop suspended and with a bright light behind the 
beaker, the streaks due to changes of concentration may be seen. 

An interesting experiment is the “ Chemical Carrion " first described by 
Clauber in Hits. A (dear solution of sodium silicate of sp. gr. H made by 
diluting <k water glass ” is poured into a tall cylinder and small pieces of 
ferric, nickel, cobalt, copper and manganous chlorides are dropped in. 
After a few r hours long coloured growths of gelatinous silica coloured by 
metal hydroxides grow from the crystals. A semipermeable film of silica 
is formed round each crystal and water enters through this and bursts the 
film, the salt solution driven out being at once covered by a further film, 
and so on. 

Osmotic pressure, — In order to squeeze pure solvent through a 
semipermeable membrane a definite pressure must be applied to the 
solution enclosed in it. At lower pressures no solvent percolates 
through. The copper ferrocyanide membrane is too w eak to support 
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a pressure, so PfefTer in 1877 formed it in the wall of an unglazed 
„ earthenware porous pot. The sernipermeable membrane can be formed 
in the walls of the pot as follows. The clean and 
dry pot B (Fig. 150) with the glass tube E fixed in 
with sealing wax is gradually lowered into copper 
sulphate solution whilst the potassium ferrocyanide 
solution is being poured into the inside. The pot is 
then placed in a vacuum for some days to draw the 
air from the pores, and allowed to stand about three 
weeks in more dilute solutions. It is then attached 
to the manometer C by sealing on the tube A, is 
filled with solution, and placed in water. When the 
pressure developed reaches a maximum it is read off. 
This is the osmotic pressure of the solution. 

Morse (1901) prepared the membranes by filling the 
pot (the pores of which were tilled with water) with 
potassium ferrocyanide solution and immersing it in 
copper sulphate solution, and then electrolysing with a 
copper anode outside the pot and a platinum cathode 
inside. The Cu*‘ and Fo(CN)«"" ions moved towards 
one another in the wall of tho pot and formed a film of 
copper ferrocyanide. As tho copper ions move faster, 
the film is formed near the inner surface of the pot. Morse showed that the 
membrane was impervious to sugar for 60 days at an osmotic pressure of 
12 atm., but allowod water to pass. 

Lord Berkeley and Hartley measured the osmotic pressures of concen- 
trated solutions with an apparatus (Fig. 151) in which the porous tube C 



Fig. 150. —Meas- 
urement of osmotic 
pressure. 



Fig. 151. — Apparatus of Berkeley and Hartley (diagrammatic). 

carrying the sernipermeable membrane is filled with water and surrounded 
by the solution to which a pressure P is applied to balance the osmotic 
pressure. The two pressures are equal when no water passes through the 
membrane, the lovol in M remaining stationary. The membrane is 
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subjected to equal pressures on both sides and hence is less likely to fail 
under the high pressures measured. In this method the pressure is applied 
mechanically to the solution, whilst in Pfeffer’s method it is set up by 
solvent entering tho closed pot. 

The osmotic pressure of a solution may be defined as the pressure 
which must be applied to the solution to prevent solvent passing into it 
through a perfect semipermeable membrane, i.e. one which is mechani- 
cally rigid and permeable only to the pure solvent. Osmotic pressures 
are quite large (several atm.) for moderately concentrated solutions, 
and pressures of 131 atm. have been measured for concentrated 
solutions. 

The laws of osmotic pressure. — The following results were obtained by 
PfefFer with dilute solutions of cane sugar : 

Osmotic Pressures of Sugar Solutions at 0° C. 


Concentration O - 

10-03 

20-14 

4000 

61-38 gm./lit. 

Pressure P - 

0-686 

1-34 

2 •75 

4*04 atm. 

Ratio PIC - 

0-068 

0-067 

0008 

0-066 


The ratio is practically constant, hence the osmotic pressure at a con - 
stunt temperature is proportional to the concentration . Instead of gm./lit. 
as above, the concentration may be given in gm. mol. per litre. Let 
V — volume of solution containing 1 gm. mol. of solute (dissolved 
substance). Then 1/ V =(\ .\ P/C =*PV = const. This is the analogue 
of Boyle’s law. 

Osmotic Pressures of 1 per cent Cane Sugar Solutions 
Absolute temp. T° - 273 287-2 305*0 

Pressure P (atm. ) - 0-648 0-671 0-716 

Ratio 1> IT. 1 () 3 - 2-37 2-33 2-35 

The ratio is practically constant, hence the osmotic pressure for a given 
concentraton is proportional to the absolute temperature, or P — lcT. 
This is the analogue of Charles's law. 

The mean value of P/C at 0° C. is 0*066 ; this is the osmotic pressure 
in atm. exerted by 1 gram of sugar in 1 litre of solution. Since the 
molecular weight of sugar is 342, this is also tli$ pressure exerted by 1 
gram molecule of sugar in 342 litres. The pressure is inversely pro- 
portional to the volume, hence it becomes 1 atm. when the volume 
containing 1 gram molecule (mol) is 342x0*066 = 22*6 litres. 1 gm. 
mol. of ideal gas confined in a space of 22*4 litres at 0° exerts a pressure 
of 1 atm. The value 22*6 for a molar solution is nearly 22*4, hence 
solutions obey Avogadro’s law. 

Van’t Hoff in 1885 summarised these results in the statement that 
dissolved substances obey the gas laws. The osmotic pressure of a 
solution is equal to the gas 'pressure which the solute would exert if all the 
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solvent were removed and the dissolved substance were left in the space in 
the condition of an ideal gas. 

This is only approximate but becomes more exact in dilute solutions 
just as the gas laws are exact only at small pressures. 

At 0° a sugar solution containing 1 gm./lit. lias an osmotic pressure of 
0-066 atm. — 0-066 x 76 x 13-6 gm. per sq. cm. The volume containing 1 mol 



J. II. van 't ILoff (18f>2 -1911). 


is 342,000 ml. The absolute temperature is 273. Hence in the general 
gas equation (p. 107) 

PF-R7’ 

we have : 

0-066 x 76 x 3 3-6 x 342,000 ---- R x 273. 

R — 85,410 gm. om./l°, which is approximately (ho same as the value 
for a gas, viz. 84,780. 

Osmotic pressures may bo used to determine molecular weights in solution, 
but owing to experimental difficulties the method is rarely used, except for 
collfeds and solutes of high molecular weight, for which parchment paper 
or collodion membranes can be used. 

Example. A solution of 4 gin. of solute in 100 ml. of solution has an 
osmotic pressure of 5-3 atm. at 15°. Find the molecular weight. 
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The osmotic pressure at 0° C. is 5*3 x 273/288 atm. 1 mol in 22-4 lit. has 
an osmotic pressure oi‘ 1 atm. at 0° 0. The actual solution contains 1 gm. 
m 25 ml. the mass in 22*4 lit. is (1/25) x 22400 — 0*04 x 22400 gin. If 
M is the molecular weight : 

M : (0-04 x 22400)= 1 : (5-3 y 273/288) 

/. M - 178*4. 

Isotonic solutions. — An ingenious method of comparing the osmotic 
pressures of solutions was discovered by de Vries in 1884. He observed 
under the microscope that the protoplasm content of living plant cells 
contracts in a concentrated salt solution. This is called plasmolysis. 
The thin outer wall of the protoplasm acts as a semipermeable membrane 
and when the osmotic pressure of the solution outside is greater than 
that of the natural solution inside the proloplasm, water is forced out of 
the protoplasm and it shrinks. If’ the osmotic pressure outside is less 
than that inside, the protoplasm swells, and when the pressures are 
equal there is no effect on the cell protoplasm. Hence it is possible to 
make up a number of solutions all having the same osmotic pressure as 
the cell cont ent, and these solutions must themselves have equal osmotic 
pressures. These are called isotonic solutions and it is found that they 
contain amounts of dissolved substances in the ratio of the molecular 
weights when they are non -electrolytes, but in the case of electrolytes 
t be isotonic solutions contain equal numbers of particles (ions -i 
molecules) in equal volumes. 

Freezing points of solutions. — Bishop Watson in 1771 and Blagden in 
1788 found by experiments with solutions of salts in water that the 
lowering of freezing point is proportional to the concentration. This is 
usually called “ Blagden \s law ”, If the depression of freezing point of 
water by f gm. iriols. of cane sugar per 1000 gm. of water is Z>°, the 
following experimental results show that D/C is constant : 


c 

D 

DIG 

0000344 

0*000045 

1*87 

0002303 

0*004332 

1*88 

0*01026 

0*01900 

1*80 

0*01841 

0*03434 

1*87 

00305 

0*00793 

1*80 


Raoult in 1883 found experimentally that if quantities of different 
substances in the ratio of the molecular weights are dissolved in identical 
weights of a solvent , the freezing points of the solutions are identical . A 
molecular weight in grains of a substance dissolved in 1 kilogram of 
water depresses the freezing point by 1 -858°. This is called the molecular 
depression of freezing point A for water. The value of A varies from one 
solvent to another. 

Let the depression of freezing point produced by w gm. of solute per 
kgm. of solvent be D. That produced by the molecular weight M in 
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1 kgm. is the molecular depression A. The two depressions are in the 
ratio of the concentrations, hence : 

D _ w 
A^M ; 


il/ = 


u'A 

1 ) 


Water - 

J 

- 1*858° 

M. pt. 

0° 

Formic acid 

A 

2*8° 

M. pt. 
8° 

Acetic acid 

- 3*9° 

17° 

Phenol - 

7*27° 

40° 

Benzene - 

- 4*9° 

f>° 

Camphor 

•f* 

o 

o 

180° 


Van’t Hoff showed that A may be calculated from the latent heat of 
fusion If and the absolute molting point T f of the solvent by the formula : 

A . 

]()<)()/, 

For water : l f -79*74, T f — 273 ; also R - 1*988 g. cal./l° (\ 

.*. A = 1*988 X (273) 8 /(79*74 a 1000)= 1*858. 


Example. — l*35gm. of carbon tetrachloride dissolved in 55 gin. of acetic 
acid depressed the freezing point from 1(>*750 U to 10*132°. Find the 
molecular weight of carbon tetrachloride. 

M>-number of gm. of solute per 1000 gm. of solvent— 1*35 x 1000/55. 

D = observed depression - 10*750- 10*132 - 0*018°. 

A— molecular depression for acetic acid = 3*9°. 

, , . , „ , iv A 1*35 * 1000 v 3*9 

Molecular weight* of soluto M - ■— =- 155. 

* D 55x0*108 

The molecular w r eight calculated from the formula CV1 4 is 153. 

Determination of lowering of freezing point. — The apparatus used to 
find the depression of freezing point is shown in Fig. 152. 

A very sensitive Beckmann Thermometer l) is used, which has a large 
bulb and only six degrees on the whole scale, the latter being graduated 
in hundredths of a degree. There is a reservoir at the top of the capillary 
tube into which mercury can be shaken if higher temperatures are used, 
or from which mercury can be drawn into the tube and bulb if lower 
temperatures are used. The actual readings on the scale do not matter, 
as only their difference is required. 

About 20 gm. of solvent are weighed into the tube A and a stirrer of 
bent wire and the thermometer are fitted into the tube through a cork, 
so that the bulb is covered with liquid. The tube A is fitted through a 
cork into a large test-tube B, which serves as an air-jacket and prevents 
too rapid fall in temperature. The tube B is supported in a freezing 
mixture (e.g. ice and salt) contained in the large jar C. The stirrers in 
the solvent tube and outer jar are worked, and the thermometer 
observed. The mercury falls steadily to a certain point, when the 
solvent is slightly supercooled. Freezing then commences and the tem- 
perature at once runs up to the freezing point, afterwards remaining 
stationary. It is then read off with a lens, the thermometer being 
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gently tapped to prevent any adhesion of mercury to the glass. Sup- 
pose the reading is 3*216° (thousand ths of the degree are estimated). 

The tube A is then taken out and allowed _ 

to warm till the solvent liquefies. A weighed |Jj 

quantity of the substance is introduced through j| 

the side tube and dissolved by working the ^ n 

stirrer. The tube is replaced in the air-jacket — u 

and put into the freezing mixture. The pro- 
cess is carried out as with the pure solvent, 
and the freezing point of the solution read off. 

Suppose this to be 2*839° ; then L ), the depres- $ 

sion of freezing point, is 3*21 6 - 2*839 =- 0*377°. 

Eutectic mixtures. — When a salt solution ' jfir 

freezes only pure ice usually separates and 1 A 

thus the remaining solution becomes more ^ "| 

concentrated. Freezing, like ’distillation, will 
separate the components of a solution. If the ^ — | [ 

freezing is continued, the solution becomes CJX 
richer and richer in salt and the freezing point 

lower and lower, since the more concentrated : 1 — — — B 

the solution the lower is the freezing point. 

This cannot go on indefinitely, because a I _ 

point is reached when the water left in the ^ ^ 

solution is only just sufficient to dissolve the vv 

salt. ‘ w 

On further cooling, both ice and salt must 
separate together in the same ratio as they 

exist in the solution ; hence the temperature Beckmann’s 

becomes constant and the whole of the solution f r( , e zinp point apparatus, 
solidifies at this eutectic temperature (p. 675). 

In Fig. 153. the line from 0° to E represents the freezing points of 

sodium chloride solutions of differ- 

eo °j ra ent concentrations. On freezing, 

ice deposits until the temperature 
Solution + reaches -21*2°, corresponding with 
Solution Naci the eutectic point E , when ice 
20 and solid salt deposit. On cooling 

Q o -j- a hot saturated solution, solid NaCl 

7 .Solution + separates along FT, the curve 
> 2H 2 q e rianging direction at the transition 
vt r , Ei point T, when a new solid phase 

L r**\ aC 1 ! I NaCl,2H 2 0 appears. This deposits 

0 2 .? m ? 0 < « / , 40 P° along TE until the eutectic point 

_ E is reached, the solid NaCl pre- 

SodmmdiloHdr-water. ™ usI V posited dissolving and 

(if present m small quantity) 
disappearing in the process. If sufficient solid NaCl is present, the 
solution solidifies completely at T. The temperature corresponding with 
T is 0*15°, when the phases present arc the two solids NaCl and NaCl, 
2H*0, and the saturated solution. The composition of the eutectic 


Solution 


Solution + 
-''NaCl 


Pt ^ -Solution + 
/KNaCl,2H 8 0 

Ice + NaCl E i 

K) 20 30 40 60 

Qrams NaCl to 100 g. water 

Fig. 15 . * 1 . — System : 
Sodium chloride — water. 
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system at E is approximately NaCl,10H a O, and it was onoe thought to 
be a definite " cryohydrate ” (p. 70). It is a mixture of crystals of NaCl, 
2H a O and ice, the only definite hydrate being Nad,2H 2 0. Another 
eutectic point with anhydrous NaCl and ice is located at- 22*4°, but 
it is very difficult to establish, since the system readily passes into the 
one involving NaCl,2H 2 0 at -21*2°. 

More important examples of eutectic points are met witli in alloy systems 
composed of two metals which separate in the pure state on cooling the 
fused alloy. An example, the load-antimony system, is described on p. 674. 

Vapour pressures of solutions. — If a non-volatile substance is dissolved 
in a volatile solvent, the vapour pressure of the solution is lower, at a 
given temperature, than that of the pure solvent. Further, if p 0 is the 
vapour pressure of the pure solvent, p that of the solution, the ratio 
(p 0 ”P)/Po> or ^ ie re l ative lowering of vapour pressure, is found to be 
(1) proportional to the concentration of the solution ; (2) practically 
independent of temperature within certain limits ; (3) the same for 
equimolecular amounts of different substances in equal weights of a 
solvent ; (4) the same for different solvents when the ratio of the 
number of gm. mols. of solute to the total number, solute plus solvent, 
is the same. (Raoult, 1887). 

The molecular lowering of vapour pressure is therefore a constant for a 
given solvent. In a solution containing N gm. mol. of solvent and n 
gm. mol. of solute, the relative lowering of vapour pressure is found by 
experiment to be given by the equation : 

(Po-P)/Pa=n/(N + n). 

Thus, if 1 gm. mol. of solute is dissolved in 99 gm. mols. of solvent, 
there will be a lowering of vapour pressure of 1 per cent, since 

n/(N + n) = 1/(99 4- 1) =-0*01. 

The value of N is calculated from the weight of solvent taken divided 
by its molecular weight in the state of vapour , i.e. N is the number of 
vapour molecules. 

Example. —Pure benzene, C 6 H 0 , has a vapour pressure of 751*86 mm. 
at 80°. When 2*47 gm. of ethyl benzoate are dissolved in 100 gm. of 
benzene, the solution has a vapour pressure of 742*0 mm. The molecular 
weight of benzene vapour is 78 ; /. N - 1 00/78 - 1 *282. Also ( p 0 - p)/y> 0 = 
(75T86 -742-6)/751*86 = 0-0123 ; .*. 0*0123-= n/(l-282 4-w) ; .\ n = 0 01598* 
But n = 2*47/(mol. wt. of ethyl benzoate) ; mol. wt. of dissolved ethyl 
benzoate = 2*47/0*01598 — 154*5. That calculated from the vapour density, 
or the formula C 6 H 5 *COO*C a H 5 , is 150. 

Relation between vapour pressure lowering and freezing point depression. — 
The relation between lowering of vapour pressure and depression of 
freezing point is shown in Fig. 154. Let OA be the vapour pressure curve 
of%he pure solvent. At the temperature t 0 solvent freezes, and OB is the 
vapour pressure (sublimation) curve of ice. It has a different slope (much 
exaggerated in the figure) from OA. The vapour pressure curve of the 
solution, O'A', lies below that of the solvent, and cuts the ice curve at O', 
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corresponding with the freezing point of the solution t, where solution and 
the separated pure ice are in equilibrium, each having the same vapour 
pressure. If this were not the case 
distillation would occur between ice 
and solution and there could not be 
equilibrium. 

Since O'A' lies below OA, O' will 
lie to the left of O, i.e , f<7 0 or the 
freezing point is lowered as the vapour 
pressure is lowered. For small depres- 
sions OB and O'O" may be regarded as 
straight linos and OO" is proportional 
to O'O", i.e. to t 0 -t. The depression 
of freezing point is proportional to the 
lowering of vapour pressure. 

Boiling points of solutions.-* Lower- 
ing of vapour pressure will cause an 
elevation of boiling point, since the 
boiling point is the temperature at which the vapour pressure reaches 
atmospheric! or other total pressure. If salt is dissolved in water the 
vapour pressure at 100° is less than 700 mm., and it will be necessary 
to raise the temperature above l()() u to reach 700 nun. pressure, i.e. the 
boiling point of the water is raised by the dissolved substance. 



The elevation of boiling point of a solution is often used in the laboratory 
to produce a boating-bath of higher temperature than 100°. For this pur- 
pose, solutions of the very soluble calcium chlorido are convenient. They 
may be boiled in iron vessels. The boiling points for given amounts of 
anhvdrous salt are as follows : 


Parts of calcium chloride per 100 parts of water 50 200 325 

Boiling point 112° 158° 180° 

Such high -temperature baths may replace those using oil, glycerin, or 
fusible metal, except at temperatures above 200 L 


Raoult found that (i) the. elevation of boiling point is proportional to the 
concentration , and (ii) the molecular elevation of boiling point is constant 
for a given solvent. 

If w gm. of substance in 1 kgm. of solvent raise the boiling point by 
Z>°, then if M is the molecular weight of the dissolved substance w^e have 
DIE ~ wjM, where EJ is the molecular elevation of boiling point, i.e . the rise 
in boiling point for 1 gm. mol. of non-volatile solute in 1 kgm. of 
solvent. Hence 


In some types of apparatus, as in that described below, the molecular 
elevation is referred to the volmm of the solution, and in that case E is 
the elevation produced by 1 gm. mol. in 1 litre of solution at the boiling 
point. The two values of E are different. 
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McCoy's apparatus consists of an outer tube A containing some of .the 
solvont and an inner tube B which is graduated as shown and is fitted with 

a Beckmann thermometer (Fig. 155). 
About 15 ml. of solvent are put into 
B and the solvent in A is boiled, 
the clip c being closed. The vapour 
from A passes into B through the 
inner tube ah, which is open to the 
vapour in A at a and ends in a 
perforated bulb at b. The vapour 
condenses and raises the solvent in 
B to the boiling point, a slow dis- 
tillation taking place through the 
condenser C. The boiling point of 
the solvent is read off. The clip c is 
now opened (to prevent liquid being 
drawn back from B into A) and the 
boiling stopped. A weighed amount 
of the substance is now added to B 
by taking out the cork and ther- 
mometer, which are then replaced. 
The clip c is closed and the liquid 
in A again boiled. The vapour con- 
denses in the solution in B and 
raises it to the boiling point of the 
resulting solution. When the tem- 
perature is steady the clip c is again 
opened, the thermometer is taken 
out and the volume of the solution 
in B is read. The fact that B is enclosed in a vapour jacket makes 
the amount of condensation necessary to raise the solution to its boiling 
point relatively small. 

Example. — 1*710 gm. of urea gave 28-6 ml. of solution in water, boiling 
at 100*557°. The molecular elevation is 0*540°. Find the molecular weight. 

w- 1*710 x 1000/28*6 - 59*79. 

Observed elevation of boiling point = 0*557 ° — D. 

Molecular elevation - 0*540° - E. 

M —wEjD — 0*540 x 59*79/0*557 = 58 (CON,H 4 =r 60). 

The values of E for 1 gm. mol. in 1 kgm. of solvent are given below. 


Solvent. 

Boiling 
point ° C. 

Molecular elevation of 
boiling point, E. 

Water 

- 100 

0*52 

Methyl alcohol 

64*7 

0*88 

Ethyl alcohol - 

- 78*3 

1*15 

Ether 

35*4 

2*10 

Benzene - 

- 80*2 

2*57 

Chloroform 

- 61*2 

3*66 


E may be calculated from the latent heat of evaporation of the solvent 



apparatus. 
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in a similar way to that of A from the latent heat of fusion, 
absolute boiling point, 




XT* 


1000L 


If T b is the 


It should be noted that the laws of depression of freezing point, eleva- 
tion of boiling point and lowering of vapour pressure given are true only 
when the pure solvent separates from the solution as solid or vapour, and 
no solute separates with the ice or distils with the solvent vapour. 

Deliquescence. — The lowering of vapour pressure of water by a dis- 
solved substance explains deliquescence, which is the liquefaction of 
very soluble substances such as calcium chloride, ferric chloride and 
caustic soda on exposure to moist air. Atmospheric moisture is attracted 
and a little saturated solution is formed. Since this is very concentrated 
its vapour pressure is less than the partial pressure of water vapour in 
the atmosphere. The solution goes on absorbing water vapour and 
since when it is diluted more solid dissolves, in the end all the solid will 
go into solution. 

Electrolytes. — In solutions of electrolytes the osmotic pressure, de- 
pression of freezing point and elevation of boiling point are all abnormal. 
They are all proportional to the total number of solute particles in a 
given volume, and if the solute is dissociated into ions it produces a 
larger number of particles, and hence a greater effect for a given mass, 
than if it were not ionised. A smaller quantity than 1 gm. mol. will thus 
produce the same effect as 1 gm. mol. of a normal (non-ionised) 
substance. 

If the observed osmotic pressure is P' and the observed depression of 
freezing point or elevation of boiling point is D\ whilst the normal 
values are P and D, then the ratio P' IP or U j I) (which are equal to one 
another) is called van’t Hoff's factor and denoted by /. 

If electrolytes obey the same laws as non-electrolytes, the degree of 
ionisation could be calculated from van't Hoff's factor i = observed 
osmotic pressurej ideal osmotic pressure. Let a •=• degree of ionisation and 
let n ions be formed from 1 molecule of electrolyte on complete ionisa- 
tion. Then in the solution each gm. mol. of dissolved electrolyte gives : 

(1 - a) gm. mols. of undissociated electrolyte, 
not. gm. mols. of ions, 


or 1 + (n - l)a gm. mols. of solute in all. 


Hence 


P' D ' . 1 + (ft - l)a 


from which a can be calculated. 
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Example. — A solution of 4*98 gm. of cadmium iodide in 100 gm. of 
water freezes at - 0*320°. The mol. wt. of CdT a is 306 ; /. the solution 
contains 49*8/300 = 0*130 mols per 1000 gm. of water. If the salt were un- 
dissociated this would produce a freezing point depression of 0*136 x 1*858° 
(1*858° -molar depression). The observed depression is 0*320°, 

i = 0*320/(0* 136 x 1-858)** 1*266. 

If the dissociation equation is CriJ 2 - Cd*' + 21', n ~ 3 ; 

a =(i- 1 )/(»- 1)- 0*200/2 -=0*133, 

i.e. 13*3 per cent of the eadmiiun iodide is ionised. 

In the case of strong electrolytes which are largely ionised this method 
does not give accurate results. Such electrolytes are regarded as practically 
completely ionised in dilute solutions and the value of a calculated from i 
has no significance, although i itself still retains its experimental meaning. 

Relation between osmotic pressure and lowering of vapour pressure. — 

Van’t Hoff in 1885 proved that the osmotic pressure, lowering of 
vapour pressure, and depression of freezing point of a solution are all 
closely connected, so that if one is given the others may be calculated 
without knowing anything beyond the properties 
of the pure solvent . 

Let solution be contained in a tube A (Fig. 156), 
closed at the lower end by a semipormeable mem- 
brane in contact with solvent in <_\ In the tube a 
column of solution a b — h will be supported by tbe 
osmotic pressure. The apparatus is enclosed in a 
vessel Ik which containers only the vapour of the 
solvent. The vapour pressure is greater at a than 
at b by the weight of the column ah of vapour. 
r . The vapour pressure at a is p 0 , that of the pure 

pressure & an^ vapour : in °* whllst tlle va J )our Insure at b is p, 

pressure. that of the solution in A. Hence p 0 - p, the lower- 

ing of vapour pressure, increases with the height ab, 
i.e. with the osmotic pressure, and for small osmotic pressures will be pro- 
portional to the latter, i.e. to the concentration of the solution. 

The vapour pressure p 0 is greater than that of the solution p by the 
weight of the column (if solvent vapour of height h .* 

p 0 -p-h(l~ hpM /R7\ (1) 

where d — density of vapour =pM/B,T where M = inol. wt. of vapour 
(d — M/V). 

The osmotic pressure is : 

P^hD-HTIV, (?) 

where D - density of the dilute solution, approximately that of the pure 
solvent, and V = vol. of solution containing 1 mol of solute. If the solution 
contains N mols of solvent and n mols of solute, V -- NM/Dn ; from (2) : 

hD — 'RT'DnjNM. , .(3) 
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Substitute h from (3) in (1) ; 


Po~P — np/N , 

which by rearrangement gives Raoult’s equation, p. 250 : 

(P o~P)IPo : =nHN + n). 

The lowering of vapour pressure has been shown (p. 2 51) to be pro- 
portional to the depression of freezing point, lienee the latter is proportional 
to the osmotic pressure, and therefore to the concentration . 

The activity of strong electrolytes. — In the case of electrolytes, the 
conductivity A should, according to Arrhenius, give an independent 
method of finding the degree of ionisation from the formula : a =A/A 00 , 
whilst the osmotic pressure, boiling point, and freezing point methods 
should all give a value : a =*(« - \ );(n — J) (p. 253). If the two values 
of a agree, this would be a valuable confirmation of the ionisation 
hypothesis. The following table shows that there is only approximate 
agreement. 




Ionisation 

Ionisation 


Concentration 

from conduc- 

from freezing 
point % 

Substance 

gm. mol /litre. 

tivity %. 

NaCl - 

- 0001 

98-0 

98*4 


0*01 

93*5 

90*5 


- 01 

84* i 

841 

K 2 S() 4 

- 0*001 

92-3 

94*2 


0005 

85-8 

88*7 


0*05 

70*1 

72*6 

HOI - 

- 0 002 

100*0 

98-4 


001 

98*9 

95*8 


0 1 

93*9 

88*6 


The newer theory of electrolytes puts a different interpretation on 
these results, since it assumes that in solutions of the concentrations 
given in the table the ionisations are pract ically complete, and hence a has 
not the meaning attributed to it above. The variations in conductivity are 
assumed to be due to changes in mobility (p. 232) of the ions owing to the 
electrical forces exorted upon each ion by other ions of opposite sign. The 
changes in osmotic pressure (and therefore of freezing point) arc also 
regarded as due to the varying attractions exorted between the ions, which 
at higher concentrations cause the osmotic pressure to have too small a 
value in the same way as the attractions between gas molecules at higher 
pressures cause a diminution of pressure on the walls of the vessel. 

On the new theory, the osmotic coefficient (i - l)/(n - 1) and the conduc- 
ivity ratio A/Aoo are not exactly but only approximately equal. Just as the 
change in equivalent conductivity is explained by varying mobility of the 
ions with concentration, so the variations of the osmotic effect are correlated 
with changes of activity of the ions with concentration, the number of ions 
remaining the same in both cases. 

Let P t be the osmotic pressure calculated on the assumption that the 
electrolyte is completely ionised and obeys the gas laws, i.e. for a binary 
electrolyte P i — 2cRT, where c — 1/F is the concentration. On account of 
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interionic attraction the observed osmotic pressure P is less than Pp but 
becomes equal to it at infinite dilution. Let 


p. 


-1 


-g^r\ 


.( 1 ) 


where g is the osmotic coefficient, which becomes 1 in very dilute solution, 
when 6 vanishes. Equation (1) holds with and D t or E { and E, the ideal 
and observed depressions of freezing point or elevations of boiling point, 
on the assumption of complete ion isation, as well as with P { and P, since these 
are proportional. 

The value of 6 represents the deviation from the ideal gas laws shown by 
ions in solution. The theory of Debye and Hiickel shows that for an electro- 
lyte giving two ions of unit charge (B + -f A~), at a total molar concentration c : 

6-r\ ~g=.ps/c ( 2 ) 

For water at 0° 0. as solvent the value of /3 is 0*372. 

It is convenient to introduce an activity coefficient /, defined as 

(3) 

a being the activity of the dissolved substance, as explained in Chapter XIX. 
Then the Debye-Huckel theory leads, for an electrolyte of the type con- 
sidered, to the relation : . . r oD r~ 

-log 1 3pvc (4) 


wliere log^ is the natural logarithm, equal to 2*3026 times the logarithm to 
the base 10. For water at 25° C. as solvent the value of'jS is 0*384. 

We must remember that A/A^, the conductivity ratio, no longer gives 
the degree of ionisation a, nor does the relation of this to the osmotic 
pressure etc. take the form previously deduced. Instead we must introduce 
a new conductivity coefficient : . . 


Debye and Hiickel’s theory shows that, for an electrolyte R + A~ we have : 

1 ~/a K'Je, .( 6 ) 

agreeing with experiment in very dilute solutions as seen from Fig. 144. It 
must be kept in rnirid that (5) and (6), like (1), (2) and (3), imply that the 
electrolyte is completely ionised. Dobye and 1 1 uckePs theory states further 
that the constants ft and K are independent of the composition of the 
electrolyte B+A“, and depend only on the solvent and the temperature. 


The Brownian movement. — An obvious step from the gaseous theory 
of solution is to identify osmotic pressure with molecular bombardment 
by the dissolved substance on the semipermeable membrane. Boltz- 
mann showed, on the assumption that the solute molecules have the 
same mean kinetic energy as gas molecules, that the laws of osmotic 
pressure follow from the kinetic theory. His calculation dropped out of 
sight, until it was revived on the basis of researches of Jean Perrin. 

If an aqueous suspension of gamboge (a gum-resin familiar to 
painters in water-colour) is examined under the microscope the par- 
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tides are seen to be in motion, each performing little excursions in an 
apparently erratic manner and moving in a zigzag path. This motion 
was first observed with suspensions in grains of pollen by the botanist 
Robert Brown in 1827 ; it is shown by all suspensions of sufficiently 
small particles and is known as the Brownian movement. 

C. Wiener in 1863 suggested that the cause of the Brownian movement 
is the unbalanced bombardment of the suspended particles by the 
molecules of the liquid. This was confirmed by Svedberg in 1906 ; he 
found that the length of the path agrees with that calculated from the 
kinetic theory by Einstein (1905) and Smoluchowski (1906). 

Perrin found that in a gamboge suspension there was a gradation in 
density of distribution of the particles with height (Fig. 157). Near the 
surface, a rise of 1/20 mm. halved the number of gamboge particles 
in unit volume. This is analogous to the fall in density of the atmo- 
sphere, but on account of the small weight of the gaseous molecules a 
height of some hundreds of miles is needed to get 
the same gradation in density as is found in less 
than a millimetre with the comparatively massive 
gamboge particles. The gamboge particles and 
gaseous molecules are both supported against the 
action of gravity by their kinetic energies. By 
counting the numbers of particles it was possible 
to find the law of distribution at different heights. 

If n and n' are the numbers of gamboge particles 
per cm. 3 at two heights h cm. apart, then if the ^ . 

“ solution ” obeys the gas laws the osmotic pressures expe'riment wiS'gam- 
p and p' are in the ratio of n to n\ The ratio pfp' bog© suspension, 
is connected with the height h by the logarithmic 

barometric pressure formula. The distance h required to produce a given 
fall of pressure is inversely proportional to the density, or molecular 
weight, of the gas. To halve the density (or pressure) in an oxygen atmo- 
sphere, a vertical ascent of 5 kilometres is required ; in hydrogen, with 
lighter molecules, the ascent is 5 x 16 = 80 km., whilst with carbon dioxide, 
with heavier molecules, it is only 5x 16/22 = 3-64 km. The “molecular 
weight ” of the gamboge particles could thus be calculated from the 
height in which the number per cm. 3 is halved. The weight of each 
particle was found by counting the number per cm. 3 , and finding the total 
weight per cm. 3 The number of particles N required to make up the 
molecular weight could thus be found : it was N = 6-8 x 10 28 , which is nearly 
the same as the value of Avogadro ’s number for a gas. By examining the 
Brownian movement of the suspended particles in tobacco -smoke, de 
Broglie found N = 6-43 x 10 83 . 

It seems probable that particles in true solutions, much more like 
those of gases, should also obey the gas laws and that osmotic pressure 
is caused by molecular bombardment. A partition allowing only water 
molecules to pass, and arresting gamboge particles, would be subjected 
to a feeble bombardment and experience a small osmotic pressure. In 
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the case of true solutions, the number of solute molecules in a given 
volume is much larger and the pressure is correspondingly greater. 

Liquid diffusion. — Liquid diffusion, mentioned 
on p, 118 as evidence of molecular motion, was 
investigated by Graham (1850-62). He placed 
small bottles containing solutions of various sub- 
stances in targe jars of water (Fig. 158), and 
determined by analysis the amount of substance 
diffusing into the water in a given time. 

By using apparatus of the same dimensions he 
obtained comparative results and found that 
acids and salts diffuse fairly quickly, whereas 
glue, starch, and albumin diffuse very slowly. 
The rapidly diffusing substances were (except 
Fig. 158.— Graham s ac j c [ s ) a ]j crystalline in the solid state, and were 
dTffusion° n ° n qU1( called crystalloids by Graham. Gum and albumin 
form amorphous solid masses resembling glue, 
and were called colloids (Greek holla , glue). Graham differentiated 
between u two worlds of matter, the crystalloid and the colloid,” each 
with characteristic properties. 


Substance. 

Times of equal 
diffusion. 

Amounts diffusing 
in equal times. 

Sodium chloride 

- J00 

1 00 

Ammonia 

- 160 

85 

Alcohol - 

- 200 

47 

Glucose - 

- 300 

36 

Gum arabic - 

- 700 

0-8 

Albumin 

- 2100 

0-3 


Dialysis. — In another set of experiments Graham placed the solution 
in a shallow bell- jar closed below by a piece 
of parchment paper or bladder (t.c. a solid 
colloid). This separated the solution from 
pure water in which the apparatus, called a 
dialyser (Fig. 159), was placed. Crystalloids 
readily passed through the membrane whereas 
colloids were either arrested or diffused very 
slowly. 

By means of the dialyser a solution of a 
colloid may be freed from crystalloklal im- 
purities (e.g. salts). A convenient dialyser 
consists of a parchment paper tube bent into 
a U -shape, filled with the solution, and placed 
in a jar through which passes a slow stream 
of water (Fig. 160). Small “ thimbles ” of Fl ^‘ s 

parchment paper, slipped over the end of iayser. 

a glass tube and fixed by a short length of rubber tubing, may also be 
used. Collodion or cellophane films are more efficient. 

Pour a solution of potassium iodide and starch into a dialyser, consisting 
of a piece of parchment paper tied tightly over the mouth of a bell-jar. 
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Suspend the bell-jar with the parchment paper dipping into distilled 
water in a dish. After half an hour add chlorine water to the water in 
the dish. A yellow colour, duo to liberated 
iodine, shows that the iodide has diffused 
through the parchment paper, but the starch 
is retained, since this would have given a blue 
colour with the iodine, as may be seen by 
adding chlorine w-ater to the liquid in the 
bell -jar. 

The distinction between crystalloids and 
colloids made by Graham is too sharp. 

Albumin may be obtained crystalline, and 
common salt may be prepared in colloidal 
solution by precipitation in liquids (e.g. 
ether) in which it does not form true solu- 
tions. The X-ray examination of many 
colloids, such as colloidal gold with particles 

l*80xl0~ 7 cm. diameter, colloidal silicic _ _ . , 

. , . . _ „ _ 9 1 _ Fig. 160.-— Tubular dialyser. 

acid, iron oxide, cellulose, etc., shows that 

they contain very small crystals. The real factor determining whether 
a substance forms a colloidal solution or a true solution is the size 
of the dispersed particles ; it is more correct to speak of the colloidal 
state than of “ colloidal substances.” 

Even carefully filtered solutions of cane-sugar show a slight Tyndall 
effect (p. 3) very much less than that with colloidal solutions. 
Lord Rayleigh showed that the blue colour of the sky, formerly attri- 
buted to scattering of light by dust, can be accounted for by the 
effect of the gaseous molecules of the atmosphere. 

Classification of colloids. — Although all colloidal materials show 
more or less common properties, it is usual to separate them into three 
main groups, although the lines of separation are not always very well 
defined. 

Colloidal solutions are generally called sols, and the solid forms, 
which are frequently gelatinous, are called gels. The sols are then 
divided into suspensoids, in which the colloid particles are solid, and 
emulsoids, in which they are liquid. There are occasional exceptions 
to this description and a more recent classification is into lyophobic 
(solvent-repelling) and lyophilic (solvent-attracting) colloids, respectively. 
Lyophobic colloids (e.g. arsenious sulphide, ferric oxide, gold) are 
readily precipitated by electrolytes and have viscosities differing 
only slightly from that of the solvent ; lyophilic colloids (gelatin, 
albumin) are not easily precipitated by electrolytes and are much more 
viscous than the solvent. Electrophoresis (p. 7) shows that colloid 
particles are often charged ; they are precipitated by ions of opposite 
charge, the ion being adsorbed. Ions of higher valency (Al f K ) are 
much more effective than those of lower valency (K+). A positively 
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charged sol (ferric oxide) and a negatively charged sol (arsenious 
sulphide) mutually precipitate each other on mixing. 

The distinctions between lyophobic and lyophilic colloids are 
summarised in the following table. 


Lyophobic Colloids | Lyopiiilic Colloids 

(i) Non- viscous. 

(ii) Not very stable and 

easily precipitated by 
electrolytes, the pre- 
cipitation oft en being 
irreversible. 

(iii) Non-gelatinising as a 

rule. 

(iv) Particles oasily detected 

by the ultramicro- 
scope. 

(v) Particles easily show 

electrophoresis in an 
electric field. 

(vi) Surface tension similar 

to that of medium 
(e.g. water). 

Molecular weights of colloids. — Organic colloids must have high 
molecular weights ; gum arabic, w r ith the empirical formula C 12 H 22 O u , 
is acidic, and the small amount of base required for its neutralisation 
shows that its molecule is much more complex, (Oi 2 H 22 O n ) 7 . By the 
depression of freezing point method, high molecular weights have also 
been found : starch, 25,000 ; tannin, 1100; silicic acid, 49,000 ; rubber 
(in benzene), 6500. The slowness of diffusion and dialysis is understood 
when one considers that with such enormous molecules (often ultra- 
microscopically visible) the molecular movement must be very slow, 
since the square of the velocity is inversely proportional to the molecular 
weight. The osmotic pressures of colloidal solutions are (as would be 
expected from the large molecular weights), very small but appear to 
be definite. Pfeifer obtained the following values with 1 per cent 
aqueous solutions : 

Pressure Molecular 

cm. Hg. weight. 

Potassium nitrate - 178 — 

Cane sugar - - 47 342 

Dextrin - - - 16*5 975 

Gum arabic - - 7*2 2230 [(C u H 22 O n ) 7 = 2394] 

Since the molecular weights are inversely proportional to the osmotic 
pressures (except in the case of potassium nitrate, which is an electro- 
lyte and is abnormal), the figures in the third column may be calculated 


(i) Viscous. 

(ii) Fairly stable and not easily precipitated 

by electrolytes, the precipitation be- 
ing usually reversible. They “ pro- 
tect ” lyophobic colloids from pre- 
cipitation by electrolytes. 

(iii) Gelatinising. 

(iv) Particles not easily detected by the 

ul tram icrosco] >e . 

(v) Particles do not show electrophoresis so 

markedly. 

(vi) Surface tension lower than that of 

medium, hence solutions easily froth 
on shaking. 
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from the osmotic pressures and the molecular weight of cane-sugar, 342. 
Linebarger (1892), using a parchment-paper membrane, found the 
molecular weight of colloidal tungstic acid by the osmotic method to be 
1720, which corresponds with (H 2 W0 4 ) 7 ==17f>0. 

Graham’s suggestion that colloids as a class have high molecular 
iveights and complex molecules , possibly formed by the association of a 
number of crystalloid molecules (e.g. in the case of tungstic acid), has 
been generally confirmed. 

The molecular weights of colloids have been determined from the rate oj 
diffusion, which is inversely proportional to the square-root of the molecu- 
lar weight. Herzog (HI08) found the molecular weight of albumin to be 
17,000 ; Sabanejeff and Alexandroff found 13,000-14,000 by the freezing- 
point method ; Sorensen found 34,000 by the osmotic pressure method, and 
this value was confirmed by Svedberg, using a centrifugal sedimentation 
method. Svedberg found 376,000 as tht? molecular weight of casein. The 
satisfactory agreement between modern results obtained by different 
methods seems to indicate that colloids possess definite molecular weights, 
which may vary with the method of preparation. 



CHAPTER XVII 

OXIDES AND OX Y- ACIDS OF CHLORINE 

The known oxides and oxy-acids of chlorine are summarised in the 
following table : 

Oxides Oxy-acids. 


Chlorine monoxide, 

- - Cl a O - 

Hypochlorous acid, H0C1 

[Cl 2 O s unknown J 

- 

- - Chlorous acid, HC10 2 

Chlorine dioxide * 

- CIO, 


[CIA unknown] 



- * Chloric acid, HC10 3 

Chlorine hexoxide - 

- 01,0, 


Chlorine heptoxide - 

- - CIA - 

- * Perchloric acid, HC10 4 


The action of chlorine on alkalis : hypochlorites.— When chlorine is 
passed into a cold solution of potassium hydroxide so that excess of 
alkali remains, a liquid smelling rather like chlorine but with a differ- 
ence is obtained. This liquid, discovered by Berthollet in 1789, is more 
stable than chlorine water and was used under the name of eau de 
Javelle for bleaching. In England about 1798 the absorption was 
carried out with milk of lime. Tennant of St. Rollox (Glasgow) in 1799 
found that chlorine is absorbed by solid slaked-lime and the resulting 
bleaching powder gave a bleaching liquor with water. 

Balard in 1834 showed that these bleaching substances contain salts 
of hypochlorous acid, H OC1 . The reactions give an equimolecular mixture 
of a hypochlorite and a chloride : 

2KOH + Cl 2 - KOC1 + KC1 + H 2 0 
2Ca(OH) 2 + 2C1 2 - Ca(OCl) 2 + CaCl 2 + 2H 2 0. 

With sodium hydroxide solution a mixture of sodium hypochlorite 
NaOCl and sodium chloride is formed. This is also produced by adding 
sodium carbonate to a solution of bleaching powder and filtering from the 
precipitated calcium carbonate : 

Ca(OCl) 2 + CaCl 2 + 2Na 2 C0 3 ^2NaOCl + 2NaCl + 2CaCO„ 

or by the electrolysis of brine, so that the chlorine liberated at the anode 
mixes with the sodium hydroxide produced at the cathode, and the liquid is 
kept cool. 

Acids, even carbonic acid (e.g. atmospheric carbon dioxide) liberate 
the very weak hypochlorous acid from its salts ; solutions of hypo* 
chlorites smell of the free acid when exposed to air : 

NaOCl + C0 2 + H 2 0 = NaHC0 3 + HOC1. 

262 
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The bleaching action of hypochlorous acid is due to oxidation : 
HOC1 * HCl + 0. Many colouring matters when oxidised yield colour- 
less or feebly-coloured products. Paper pulp from wood is bleached 
with sodium hypochlorite solution and acid. 

The bleaching action of chlorine wator may also be due to the hypo- 
clilorous acid it contains, although much free chlorine is present, since the 
reaction : Cl 2 4 H 2 0 ^ HCl -t- HOC1 ^ H * 4- Cl' + HOC1, is reversible. Chlorine 
does not bleach in the absence of water. 

The excess of chlorine, hypochlorous acid or hypochlorite is removed from 
the bleached material by washing and the last traces by washing with a 
solution of sodium sulphite or thiosulphate, which acts as an antichlor : 

Cl 2 + Na 2 S0 3 4- 1I 2 0 - Na 2 S0 4 4 2HC1 
NaOCl 4- Na 2 SO s = Na 2 S0 4 4 NaCl. 

The reaction with thiosulphate is complicated : 

Cl 2 4- H a O + Na,S a O, =■ Na 2 S0 4 + S 4- 2HC1 
4C1 2 + f»H a O + Na 2 8 2 () 3 = 2NaCl + 2H 2 S0 4 4- 6HC1. 

The equations : Cl 2 4- H 2 0 =- 2HH 4 O, and HOCl = HCl4 O, show that 
hypochlorous acid, for the same weight of chlorine, has twice the oxidising 
activity of free chlorine. There is, therefore, no loss of activity when the 
chlorine is first absorbed by alkali, although half is converted into inert 
chloride. It is the available oxygen which causes the bleaching action. 

If chlorine water is distilled, hypochlorous acid comes over with free 
chlorine, leaving a solution of hydrochloric acid. The equilibrium : 
CL f H 2 0 ^ H0C1 4-HCl, is disturbed by removal of the volatile H0C1 
(or its anhydride, C1 2 0 : 2HOC1 ^ CLO 4 H 2 0). But if chlorine water 
is boiled in a flask under a reflux condenser in a stream of chlorine, so 
that the distillate flows back, it remains unchanged (Richardson, 1903). 
In A T /20 chlorine water about 30 per cent, and in iV/100 about 70 per 
cent, of the chlorine is hydrolysed into HOC1 and HCl. 

By cooling to — 10° a concentrated solution of sodium hypochlorite, from 
which sodium chloride has deposited, and shaking, crystals of Na0Cl,6H 2 0 
or NaOCl, 7H a O separate. Those are very deliquescent and melt at 18° ; on 
cooling, large crystals of NaOCl, 5H a O are formed. 

Calcium hypochlorite is prepared in crystals by passing chlorine into milk 
of lime and evaporating the clear solution in vacuum. The crystalline 
hydrate Ca(0Cl) 2 ,4Il 2 0 is formed. The commercial product (maxochlor) is 
more stable than bleaching powder, is completely soluble in water, and 
contains about 74 per cent of available chlorine (theoretical hypochlorite 
ox yg© n in Ca(OCl) 2 = 22-4 per cent, hence equivalent of 01 = 22*4 x 71/16 = 
99*5 per cent). 

Chlorates. — When chlorine is passed into alkali hydroxide solution, 
hypochlorite and chloride are formed as long as excess of alkali is 
present, but when excess of chlorine is used the hypochlorite is rapidly 
converted into chlorate and chloride (Berthollet, 1786). The total 
reaction is : :iC l 2 + 6K0H - KC10 S + 5KC1 + 3H 2 0, 

but it takes place in stages (see p. 273). 
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The apparatus is shown in Fig . 161. Chlor in e generated from manganese 
dioxide and hydrochloric acid is washed with a little water, and passed into 
potassium hydroxide solution (20 gm. of KOH in 40 ml. of water) in the 



Fkj. 161. — Preparation of potassium chlorate. 


beaker. Crystals separate, and to prevent the delivery tube becoming 
choked an inverted funnel is used. When the liquid smells strongly of 
chlorine it is cooled and decanted from the monoclinic crystals of potassium 
chlorate KC-10 S which separate (Fig. 102). The 
crystals are washed once or t wice with a little cold 
water and then reorystallised from hot. water. They 
are sparingly soluble in cold water (8-395 gm. per 
100 gm. water at 25°). 

Potassium chlorate gives certain reactions char- 
acteristic of all chlorates : 

(l) Solutions give no precipitate with silver 
nitrate, but on heating the crystals melt and give 
pff oxygen, and the residue when dissolved in water gives a white curdy 
precipitate of silver chloride with silver nitrate and dilute nitric acid 
2KC10* = 2KC1 + 30 a ; KC1 + AgNO, - AgCl + KN0 8 . 

(2) If a solution of potassium chlorate is mixed with indigo solution and 
Sulphuric acid and a few drops of sodium sulphite solution are added* the 



Fig. 162. — Crystal of 
potassium chlorate. 
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colour of tb© indigo is bleached. The chlorate i& reduced by the sulphurous 

acid to a lower oxide of chlorine which has strong bleaching properties. 

(3) When concentrated sulphuric acid is added to a little potassium 
chlorate in a test-tube it turns orange-yellow, and evolves a yellow explosive 
gas (chlorine dioxide C10 2 ) having a peculiar odour : 3KC10 S -f 2H 2 S0 4 = 
KC10 4 4- 2KHN0 4 4 H 2 0-f 2010... On warming there is a crackling noise, 
due to explosions of the C10 2 . 

(4) Potassium chlorate warmed with concentrated hydrochloric acid 
gives off a yellow gas {pm chlorine), which is a mixture of chlorine and chlorine 
dioxide : 8KC10.+ 24HC1 - 8 KOI + ]2U s O 1 901 2 H (>010 2 . 

Potassium cYilorate detonates violently wlien triturated with phosphorus 
or sulphur. {Dangerous). A little of a mixture of the chlorate and sulphur 
detonates when wrapped in paper and struck w itli a hammer. 

Perchlorates. — In the decomposition of potassium chlorate by heat, 
potassium perchlorate KC10., is formed: 4KC10 3 = 3KC10 4 + KC1. This 
was discovered by Stadion in 1815. The rhombic crystalline form of 
the perchlorate (Pig. 163) differs from the form 
of the chlorate. Potassium perchlorate is only 
sparingly soluble in cold water. 

Potassium perchlorate gives the following re- 
actions : 

(1) It decomposes at a higher temperature than 

tho chlorate : KC10 4 -K(’[ + 20,. Fig. 163.— Crystal of 

(2) It does not bleach indigo in presence of potassium perchlorate, 
sulphites. 

(3) With concentrated sulphuric acid it does not give a yellow explosive 
gas, but white fumes of perchloric acid HC10 4 . 

(4) Tt does not react with hydrochloric acid. 

Chlorine monoxide. — Chlorine monoxide was discovered by Balard 
in 1834. It is prepared by passing a slow stream of dry chlorine over 
yellow precipitated oxide of mercury, previously heated to 300° -400°, 
contained in a cooled tube (Pig. 104). A brown oxychloride of mercury 
remains and brownish -yellow chlorine monoxide gas passes on : 

2C1 2 + 2HgO - HgClgJTgO f CU). 

It is condensed in a freezing mixture to an orange-coloured liquid, 

( CLP Dry Cl 3 


Fiq. 164. — Preparation of chlorine monoxide. 

b.pt. 2-0°. The gas may be collected by downward displacement ; it 
attacks mercury (but only slowly) and is soluble in water. 

Chlorine monoxide gas explodes readily (although not very violently) 
qn heating, giving a mixture of two volumes of chlorine and one volume 
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of oxygen: 2G 2 0=2G 2 + 0 2 - The chlorine may be absorbed by 

sodium hydroxide solution. The volume relations show that one 
molecule of chlorine monoxide contains one molecule of chlorine Cl 2 , 
and half of a molecule or one atom of oxygen O, hence the formula is 
C1 2 0. This is confirmed by the density of the gas. 

Liquid chlorine monoxide may explode if the tube containing it is 
scratched with a file. If free from organic matter, it may be distilled 
without decomposition. Hydrogen chloride decomposes chlorine 
monoxide : C1 2 0 + 2HC1 = 2C1 2 + H 2 0. The gas dissolves easily in water 
to form a golden-yellow solution containing hypochlorous acid : 
C1 2 0 + H 2 0 ^ 2HOC1. A crystal hydrate G 2 0,2H 2 0, m.pt. -3t>°, is 
formed on strong cooling. 

Hypochlorous acid. — This acid is known only in solution. On distilla- 
tion this decomposes into water and the anhydride of the acid 0J 2 0. 
A solution of the acid is obtained by shaking chlorine water with yellow 
precipitated mercuric oxide : 

2C1 2 + 2HgO + H 2 0 - HgCl 2 ,HgO 4 - 2HOC1. 

The liquid is filtered from the insoluble mercuric oxychloride and 
is distilled ; a dilute solution of hypochlorous acid collects in the 
receiver. 

An interesting reaction is the direct oxidation of hydrochloric acid, dis- 
covered by Odling in 1860 : HCl + O-HOCl. A current of air is passed 
through concentrated hydrochloric acid in a wash- bottle, and then through 
potassium permanganate solution in a retort heated on a water bath, when 
hypochlorous acid distils. 

Hypochlorous acid is most conveniently prepared from bleaching 
powder. When dissolved in water, this decomposes into calcium 
chloride and calcium hypochlorite. To a clear solution of bleaching 
powder the calculated amount of 5 per cent nitric acid is added slowly 
from a burette whilst the liquid is kept tvell stirred ; hypochlorous acid 
is formed : Ca(OCl) 2 4- 2HNO a = Ca(N0 3 ) 2 + 2HOC1. The liquid is dis- 
tilled and dilute hypochlorous acid is obtained. 

Hydrochloric acid reacts with hypochlorous acid with liberation of free 
chlorine: HC1 + HCXJ1 *=*Cl a 4- H a O. If an excess of any acid capable of 
liberating hydrochloric acid from calcium chloride is added to bleaching 
powder (or its solution) all the chlorine is set free : 

Ca(OG) a + CaCl 8 + 2H a S0 4 - 2CaS0 4 + 2H a O 4 2Cl a . 

Free hypochlorous acid is formed by the action of chlorine on a 
hypochlorite solution : 

KOC1 4- Cl 2 4- H 2 0 - KOI + 2HOCJ. 

This reaction probably occurs in two stages : 

(а) H s O 4- Cl 2 ^ HC1 + HOC1 H * 4- Of + HOG. 

(б) OC1' + H’ =HOG. 
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If chlorine is passed into a suspension of calcium carbonate in water, or a 
solution of sodium bicarbonate, sulphate, or phosphate, hypoehlorous acid 
(not a hypochlorite) is formed : 

2C1 2 + H 2 0 + Ca( :0, - 2HOU 4 - CaCl 2 + C0 2 . 

This reaction probably occurs in two stages : 

(i) Cl, + H 2 0 ^HCl + HOC1 f Cl' + HOC1 ; 

(ii)ir+yco 3 '^H 2 co 3 

H--+ SO/'^HSO/ 

h- + hpo 4 "^h,po 4 '. 

The function of the carbonate, etc., is to remove hydrochloric acid as it is 
produced, and so prevent reaction (i) coming to a standstill. 

Hypoehlorous acid is easily made by passing carbon dioxide into 
bleaching powder solution and then distilling : 

Cft(OCl) 2 + 00 2 + H 2 0 - OaCO* + 2HOC1. 

Hypoehlorous acid solution is pale golden yellow, colourless when 
dilute. ] t is a weak acid , 002 per cent ionised in A r /1 0 solution, and the 
salts are hydrolysed in solution: OC1' + H 2 CMH0C1 +0H'. The 
dilute solution in fairly stable in the dark : concentrated solutions de- 
compost? on exposure to light, with evolution of oxygen and chlorine 
and formation of some chloric acid : 

(i) 2H0CJ - 2HC1 4 0 2 

(ii) H Cl + HOC1 -r H 2 0 » Cl 2 

(iii) H0G1+20 (nascent) = HC10 3 . 

The decomposition is accelerated by platinum black, manganese 
dioxide, or cobalt oxide. Hypochlorites on heating with cobalt oxide 
in alkaline solution evolve oxygen : 2Na0Cl --2NaCl + 0 2 . 

Hypoehlorous acid dissolves magnesium with evolution of hydrogen : 
Mg +2HOC1 =-Mg(0Cl) 2 + H 2 . Iron and aluminium evolve hydrogen 
and chlorine : copper, nickel, and cobalt evolve chlorine and oxygen. 
Hypoehlorous acid does not precipitate silver nitrate solution. With 
hydrogen peroxide the acid and its salts evolve oxygen : 

oct h 9 o., -or h 2 o o 2 . 

The oxidising properties of hypochlorites : CXT-01' +■ O, are illus- 
trated by the following experiments : 

Add sodium hydroxide solution to a solution of manganese sulphate. 
A white precipitate of manganous hydroxide is formed : MnS0 4 4 2NaOH = 
Mn(OH) 2 + Na 2 S0 4 . Add sodium hypochlorite solution. The precipitate 
is eoverted into brown hydrated manganese dioxide : Mn(OH), + NaOCl + 
H a 0 =Mn(OH) 4 +NaCL 

To a solution of chrome alum add excess of NaOCl solution. A yellow 
solution of sodium chromate Na 2 Cr0 4 is formed : 

2( -r(OH) 8 t 3NaOCl + 4NaOH ^2Na 2 Cr0 4 + f»H 2 0 + 3NaCl. 
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Hypoehlorous acid and hypochlorites liberate iodine from potassium 
iodide (hypochlorites in presence of acetic acid) : 

2KI + H0C1 4- HC1 - 2KC1 + I 2 4 H 2 0 
2KI f H0C1 4 CHgCOOH - CH 3 COOK 4 1 2 4 H 2 0 + KC1, 

and oxidise sodium arsenite solution to sodium arsenate : 

Na 3 As0 3 4 NaOCl = Na 3 As0 4 4 NaCl. 

Bleaching powder. — Chlorine gas does not react with quicklime at the 
ordinary temperature, but at a red heat oxygen is evolved and calcium 
chloride formed : 2CaO 4 2Cl a = 2CaCl 2 4 0 2 . If chlorine is passed over 
slaked lime it is rapidly absorbed, forming bleaching powder or chloride 
of lime. The reaction is usually given as : 

Ca(OH) 2 4 Cl 2 ** CaOCl 2 4 H 2 0, 
most of the water formed remaining in the powder. 

In the manufacture of bleaching powder the slaked lime is spread over 
the floors of closed lead chambers so as to expose a large surface and some- 
what diluted chlorine gas is admitted. At first the chlorine is rapidly 
absorbed but the reaction afterwards becomes slower. The powder is turned 
over with wooden rakes and the action continued until absorption is com- 
plete, which takes 12-14 hours. In modem works, large rotating inclined 
iron cylinders cooled externally by water where the reaction is vigorous are 
used, the slaked lime passing down in the opposite direction to the electro- 
lytic chlorine diluted with air. 

Good bleaching powder contains about 35 to 37 per cent of available 
chlorine , i.e. chlorine liberated by acids. Some calcium hydroxide is 
always present. It should be noted that the whole of the chlorine of 
CaOCl 2 is set free by acid : 

CaOCl 2 4 H 2 S0 4 - CaS0 4 + 01, h- H 2 0. 

Formula of bleaching powder. — Bleaching powder w r as regarded by 
Dalton (1813) as a molecular compound of lime and chlorine CaO,Cl 2 , 
“ chloride of lime ”. Balard (1835) suggested that it was a mixture of 
equimolecular amounts of calcium hypochlorite and chloride : Ca(OCi)* 
4 CaCl 2 . This does not agree with the facts : ( 1 ) good bleaching powder 
is not very deliquescent ; (2) alcohol extracts very little calcium chloride 
from good dry bleaching powder although it readily dissolves calcium 
chloride ; (3) according to Lunge nearly 90 per cent of the total chlorine 
of bleaching powder is liberated at 70° by damp carbon dioxide, which 
has no action on calcium chloride. 

Kraut (1882) explained the last reaction by the action of chlorine 
monoxide on calcium chloride (assumed by Balard to be present) : > ' ’ 

Ca(OCl) a 4 C0 2 = CaC0 3 4 Cl a O 
CaCl a 4 Cl a O 4 CO* - CaC0 8 4 2CI*. 
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The properties of bleaching powder agree with the formula proposed 
by Odling (1861) : Ca( 001)01, i.e. calcium chloro-hypochlorite, which in 
solution decomposes into calcium chloride and calcium hypochlorite : 

2Ca(0Cl)Cl = Ca(001) 2 + CaCl 2 . 

Stahlschmidt (1876) proposed the formula 0a(0H)(001). 

O’Shea (1883) tested the formulae of Balard, Stahlschmidt and 
Odling as follows. 

He removed any free calcium chloride by treatment with alcohol and 
determined in the residue : (i) the total lime CaO ; (ii) the total chlorine 
after decomposition of hypochlorite by ammonia and precipitation as 
silver chloride ; (iii) the hypochlorite chlorine, liberating iodine from 
potassium iodide. 


The residuo after treatment with alcohol, and the above ratios, should be 

in the different eases 


CaO 

; CaO 

hypochlorite Cl 

I. Balard 

-Residue 

Ca(OCl) t 

total Cl 

1 : 2 

hypochlorite Cl 

I : 2 

total Cl 

1 : 1 

2. Stahlschrnidt 

Ca(OH)OCl 

1 : 1 

1 : i 

1 : 1 

3. Odling 

Ca(0Cl)01 

1 : 2 

1 : 1 

1 : 2 

4. Found 


1 : 2 

1 : 1 

1 : 2 


Thus, only Od ling’s formula agrees with the results. 

Ditz and Neumann considered that the free calcium hydroxide in 
bleaching powder is an essential constituent, and that combined water is 
also prosont. The active constituent is (Filing's compound. Normal 
bleaching powder is regarded as the compound 3Ca(OCl)Cl, Oa(OH) 2 , 5H 2 0. 
In complete absence of moisture a very hygroscopic compound 3Ca(OCl)Cl, 
Ca(OH) 2 , 3H a O is formed, whilst at low temperatures Ca(0Cl)Cl, C’a(OH) a , 
H a () can be obtained. 

According to Bunn, Clark and Clifford (1935), the first products of the 
action of chlorine on slaked lime are a basic hypochlorite Ca(0Cl) 2 , 
2Ca(OH) 2 , and a non -deliquescent basic chloride CaCl2,Ca(0H) 2 ,H 2 0. 
On further chlorination, the basic hypochlorite is converted into a 
mixed crystal consisting mainly of calcium hypochlorite (which forms 
crystals of Ca(0Cl) 2 , 4H 2 0), and ordinary bleaching powder is regarded 
as a mixture of this and the basic chloride. 

Available chlorine of bleaching powder. — Bleaching powder is mainly 
used as an oxidising agent, and the active agent is really nascent 
oxygen. Usually the chlorine equivalent of this active oxygen is re- 
turned as available chlorine : 0 (16)=01 2 (71). If bleaching powder 
consisted of Ca(0Cl)Cl, the chlorine equivalent of the active oxygen 
atom of the hypochlorite radical would be O — Cl 2 , i.e. the total chlorine. 
This would be completely liberated by acids : Ca()01 2 H 2 S0 4 = CaS0 4 
+ H 2 0 f Cl 2 , 

“ Commercial bleaching powder always contains calcium hydroxide, 
calcium chloride, and possibly calcium chlorate Ca(C10 3 ) 2 , and since the 
chlorine of the last- two is not liberated by acids, and the oxygen of 
the chlorate is not available for the usual oxidising purposes of 
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bleaching powder, a distinction is made between the total and avail- 
able chlorine. 

The estimation of the available chlorine of bleaching powder is 
carried out by one of the following methods : 


1. Penot's method: A suspension of bleaching powder is titrated with 
decinormal sodium orsenite solution until a drop of the liquid taken up by a 
glass rod and put on a piece of filter-paper soaked in potassium iodide and 
starch solution and dried, no longer gives a blue colour owing to liberation of 
iodine. The reaction is : 

Na 3 As0 3 + CaOCl 2 = Na 3 As0 4 -f OaCl 2 . 

1 ml. of JV/10 Na 3 As0 3 is equivalent to 0 00355 grn. of available chlorine. 

2. Bunsen and Wagner’s method : Excess of potassium iodide solution 

is added to a suspension of bleaching powder and the liquid acidified 
with acetic acid. Iodine is liborated : 2Ivl i 11 001 + CH 3 . COOH = CH 3 . 
COOK + 1 2 + H 2 0 + KCl. This is titrated with decinormal sodium thio- 
sulphate solution until the yellow colour has practically vanished : 
2Na s S s O s !- 1 2 = Na 2 S 4 0 6 (sodium tetrathionate) + 2NaI. A little starch - 
paste is then added, and the titration continued until the blue colour ((hie 
to iodine) vanishes. 1 ml. of A’/ 10 Nu 8 $ 2 0 3 000355 gm. of available Cl. 

Hypochlorous acid or hypochlorites can bo determined in presence of free 
chlorine by the following reactions : 

2KI + HOC1 + H01 - 2KC1 + 1 2 4- H # 0 
2KT + Cl 2 = 2KC1 4- r 2 . 

Each molecule of HOC1 neutralises one equivalent of acid, whilst chlorine 
does not affect the acidity. By titrating the iodine and the remaining acid, 
the amounts of HOG and 01 2 may be calculated. 


Chlorine dioxide. — Thos. Hoyle in 1797 obtained a yellow explosive 
gas from potassium chlorate and concentrated sulphuric acid, but he 
did not recognise it as an oxide of chlorine. The same gas was obtained 
by Chencvix, but its composition was first- determined by Davy in 1815. 
He showed that it was chlorine dioxide, CJ() 2 . On explosion, two 
volumes of gas gave three volumes of gas consisting of two volumes of 
oxygen and one volume of chlorine (absorbed by alkali). Hence one 
molecule of the gas gives one molecule of oxygen 0 2 and half a molecule 
or one atom of chlorine Cl, and the formula is 010 2 . This is confirmed 
by the density, which was found by Pebal and Schacherl (1882) to 
correspond with the formula C10 2 . 

Chlorine dioxide is evolved by the action of concentrated sulphuric 
acid on potassium chlorate : 

3KC10 3 + 2H 2 S0 4 - KCI0 4 + 2ftHS0 4 + H 2 0 + 2C10 2 . 

The reaction seems to take place in two stages : 

KCIO., + H.,S0 4 = KHS0 4 + HC10., (chloric acid) 

3HC10 3 -2C10, + H 2 0 + H010 4 (perchloric acid) 

the perchloric acid then liberating more chloric acid from the potassium 
chlorate : KCIO, + HC10 4 = KC10 4 4 H010 3 . 
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Powdered potassium chlorate is added in small portions to cooled con- 
centrated sulphuric acid in a retort. The orange-yellow paste is very 
cautiously warmed hv placing the retort in lukewarm water and the gas 
collected by downward displacement, since it is hoavier than air, dissolves 
in water, and attacks mercury slowly, being completely absorbed by it. 
There is considerable danger of violent e.r plosion in the preparation of chlorine 
dioxide and it is recommended that no attempt should be made to prepare it by 
this method. 

Pure chlorine dioxide is prepared by passing dry chlorine over silver 
chlorate at 90° and condensing it from the gas in a tube cooled in a 
freezing mixture (King and Partington, 1926) : 

2Ag010, 4 Cl 2 = 2Ag01 + 2C10 2 + 0 2 . 

A mixture of chlorine dioxide and carbon dioxide is evolved on 
heating at 60° a mixture of 40 gm. of potassium chlorate, 150 gm. of 
oxalic acid crystals, and 20 ml. of water : 

2HC10.J + I1 2 C 2 0 4 «2CJO a -+ 2CO* + 2H 2 0. 

When diluted with carbon dioxide the chlorine dioxide is less likely to 
explode : it can be separated from the gas by condensing it to a liquid 
by passing into a tube cooled in a freezing mixture. A solution of 
chlorine dioxide in water is formed by passing the gas into water, when 
the chlorine dioxide is absorbed, the carbon dioxide mostly passing on. 

When chlorine dioxide is passed into a tube cooled in a freezing 
mixture it condenses to a dark red liquid, b.pt . IP, freezing at - 59 w to 
an orange-red crystalline 1 solid. 

The liquid and solid are slowly decomposed by exposure to light. 
The liquid is violently explosive, but can be distilled without decompo- 
sition in absence of organic matter. The gas explodes on heating with 
a hot wire or glass rod (according to some experimenters at 60°-63°), by 
an electric spark, and in contact with turpentine, alcohol, or ether. 

Add one ml. of cold concentrated sulphuric acid to two portions of 05 gm. 
of potassium chlorate in two test-tubes. A yellow gas wifi) a peculiar smell 
is formed. Insert a hot glass rod into out' tube, into the other throw a 
small piece of phosphorus. The gas in the first tube explodes; the phos- 
phorus in the second tube inflames spontaneously and explodes the gas. 
Care must be used in these experiments , as some acid is usually projected from 
the tubes. 

Chlorine dioxide (sometimes called chlorine peroxide) is a powerful 
oxidising agent. This is show r n in the following experiments, due to 
Hoyle and to Fourcroy and Vauquelin. 

Equal parts of powdered sugar (or starch) and potassium chlorate are 
mixed with a spatula on a sand bath, and a drop of concentrated sulphuric 
acid is allowed to fall on the mixture from a glass rod. The mass ignites and 
burns violently. 

A little potassium chlorate is placed in a glass of water, and one or two 
small bits of phosphorus are added. If a few ml. of concentrated sulphuric 
acid are c areftdly poured down a thistle funnel on to the chlorate, 01O 2 is 
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fanned. When this comes in contact with the phosphorus it gives a series 
of flashes of light, accompanied by slight and usually harmless explosions. 

Chlorous acid. — Chlorine dioxide dissolves unchanged in water, 
forming a yellow solution without acid reaction which is stable for 
several weeks in the dark at 0°. With alkali solutions, however, it 
forms a mixture of two salts in equivalent amounts, viz. potassium, 
chlorate KC10 3 and potassium chlorite KC10 2 : 2K0Hf2C10 2 =* 
KC10 3 4- KC10 2 + H 2 0. The salts may be separated by evaporation in 
vacuum over sulphuric acid, when the less soluble chlorate is first 
deposited. 

Pure chlorites are obtained by the action of alkali and hydrogen peroxide 
on a concentrated solution of chlorine dioxide (see above). The hydrogen 
peroxide reduces chlorine dioxide to chlorous acid : 2CIO a 4 ir a 0 2 =-- 2HC10 a 
+ 0 2 . Barium chlorite is formed by passing chlorine dioxide into a sus- 
pension of barium peroxide in hydrogen peroxide. Free chlorous acid is 
obtained in solution by decomposing a solution of barium chlorite with 
dilute sulphuric acid. 

The alkali chlorites have a caustic taste and bleach vegetable colours. 
They may bo distinguished from hypochlorites by the bleaching action 
after addition of sodium arsenito. Silver and lead nitrates precipitate 
yellow crystalline AgC10 2 and Pb(C10 a ) 2 . These explode on heating ; load 
chlorite mixed with sugar detonates violently on percussion and has been 
used for detonators. 

Chlorites liberate iodine from iodides : 

NaClOj, + 4KI 4- 2H 2 0 - 2I # 4 4KOH f NnCl. 

They react only slowly with arsenious oxide. Chlorous acid gives a violet 
colour with ferrous sulphate. 

The anhydride 01 2 O 3 of chlorous acid is unknown. The gas prepared 
by heating a mixture of potassium chlorate anti sugar, benzene, or arsenious 
oxide, with nitric acid, believed to be chlorous anhydride by Mil Ion (1843)^ 
was shown by GarzarolH-Thurnlaokh (1881) to be a mixture of chlorine 
dioxide with chlorine. The mixture of chlorine and chlorine dioxide 
obtained from potassium chlorate and concentrated hydrochloric acid, sup- 
posed by Davy to be an oxide of chlorine C1 2 0 called euchtorine (p. 265), 
was examined by Pebal in 1875 and the same method was used by Gar- 
zarolli-Thumlackh. 

A measured volume of gas was decomposed by heating and the increase ' 
in volume determined. The chlorine was absorbed by potash solution and 
the residual oxygen measured. The volume of oxygon formed was twice,, 
the increase in volume when the gas was decomposed. This agrees with the;' 
formula C10 a , since 2C10 a — Cl 2 4- 20 2 (2 volumos give 3 volumes.) It doer ; 
not agree with the formulae CJ 2 0 :i or C1 2 0, as is easily shown. 

By passing the “ chlorine trioxido ” and euchlorine through tubes cooled 
in a freezing mixture, pure chlorine dioxide was liquefied and chlorinef 
passed on. 

Chloric acid. — Chloric acid is formed when liypochlorous acid soiiltiop 
or chlorine water is exposed to light. If a solution of potassium chlorate 
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is precipitated with hydrofluosilicic acid, sparingly soluble potassium 
fluosilicate and a solution of chloric acid (which can be filtered) are 
formed : 2KC10 ? + H 2 SiF B = K 2 8iF„ e 2H010 3 . It is more convenient 
to start with barium chlorate, a solution of which is precipitated with 
sulphuric acid : Ba(C10 3 ) 2 + H 2 80 4 - BaS0 4 + 2HC10 3 . The excess of 
sulphuric acid is precipitated with baryta water and the solution is de- 
canted and evaporated in a vacuum desiccator over concentrated 
sulphuric acid until it contains 40 per cent of HC10 3 . On further con- 
centration the acid decomposes into chlorine, oxygen, and perchloric 

aCld : 3HC10, = HC10 4 + Cl, f20, + H,0. 

Barium chlorate is made by evaporating a solution of sodium c hlorate 
and barium chlorido : 2NaCK) 3 + BaClg ^2NaCl 4 Ba(C10 3 ) 2 . The sodium 
chloride is deposited, and the hot filtered solution is evaporated, when 
monoclinic crystals of Ba(( ’ 103 ) 2,1420 separate. Oiloric acid was first pre- 
pared (from barium chlorate) by (lay-Lussac in 1814. 

Concentrated chloric acid is colourless and fairly stable in the dark. 
When exposed to light it decomposes and becomes yellow. It has a 
pungent smell, rather like that of nitric acid, and strong oxidising and 
bleaching properties, The concentrated acid inflames organic sub- 
stances such as cotton wool and paper. 

Pour a concentrated solution of sodium hydrogen sulphite (NaHSO s ) 
over crystals of potassium chlorate. A trace of free chloric acid is liberated 
by the weakly acid NaHSO s . The latter is then oxidised by the chloric acid 
to the strongly acid NaHK0 4 . More chloric acid is liberated, and the velo- 
city of reaction is increased by the action of the products until in one 
or two minutes the whole mixture foams over, acid sodium sulphate 
(NaHS0 4 ) and hydrochloric acid being formed. 

Chloric acid evolves some hydrogen with magnesium and zinc, but 
part of the acid is reduced to hydrochloric acid : 

HC10 3 + OH = 3H 2 0 -4 HC1. 

In acid solution, chlorates are reduced to chlorides by iron or aluminium 
powder, and may be determined in this way. Perchloric acid is not 
reduced in dilute solution. 

The ‘formation of Chlorates. — The preparation of alkali chlorates by 
passing excess of chlorine into alkali hydroxide solution is described 
on p. 263. 

The student should note that it is not sufficient to say that when 
chlorine is passed into cold dilute alkali, hypochlorite is formed 
according to the equation : 

2K0H + Cl 2 - KOC1 4 KC1 f H 2 0, 

whilst in hot concentrated solution chlorate is formed according to the 
equation : 6K 0H 4 3^ = KC10a r , KC i + # 

Hypochlorite is always formed first. As soon as the solution contains 
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a slight excess of chlorine the hypochlorite is decomposed according to 
the equation : K0 C1 + a 2 + H 2 0 = KC1 + 2HOC1, 


and the free hypochlorous acid oxidises the hypochlorite according to 
the equation : K0C1 + 2 HOCl = KCIO,, + 2HC1. 


• The formation of chlorate may, according to Foerster (1899), be repre- 
sented as follows. As long as the liquid remains alkaline, chloride and 
hypochlorite are produced : 

1 . C1 8 + 20H' = C1' + 0cV + H 2 0. 

When the alkali is removed, the hypochlorite ion reacts with the free 
hypochlorous acid, producing chlorate and chloride ions : 

2. OCT + 2HOC1- 010 8 ' -4 2C1'4 2H\ 

The hypochlorite and hydrogen ions then form hypochlorous acid, and 
the latter reacts again according to (2) : 

3. H* -4 OCT = HOCl. 

If equation (1) is multiplied by 3, and equation (3) by 2, then on addition 
we obtain the usual equation for the total reaction : 

3Cl a ♦ 60H' = C10/ + 5(T+3H I 0. 

Alkaline hypochlorite solutions may be boiled without much decomposition 
but oxygon is slowly evolved and traces of chlorite are also formed : 
2K0C1 = KC1 + K010 2 . Hence the equation for the formation of chlorate : 

3KOC1 = KC10. ? + 2KC1, 
sometimes given, is also incorrect. 


Chlorine hexoxide CI 2 O e was first observed by Millon in 1843 as a 
liquid product of the action of light on chlorine dioxide, but was overlooked 
until it was rediscovered in 1925 by Bodenstein. It is best obtained by the 
interaction of ozone and chlorine dioxide at 0° : C10 2 i 0 8 -C10 3 -f 0 2 . It 
is a dark red liquid, dens. 1-65, m.pt. 3-5°, less explosive than chlorine 
dioxide. It dissolves unchanged in water, but with alkali gives a mixture of 
chlorate and perchlorate : C1 2 0 6 4- 20H' - C10 3 ' t C10 4 ' + H 2 0. The vapour 
density corresponds with C10 3 , but the vapour is unstable and the molecular 
weight in solution in carbon tetrachloride corresponds with Cl 2 O c . 

Perchloric acid. — The most stable oxyacid of chlorine is that contain- 
ing most oxygen, viz. perchloric acid HC10 4 . Small quantities of very 
soluble sodium perchlorate NaC10 4 occur in crude sodium nitrate 
(Chile nitre), and it injures vegetation if the impure nitrate is used 
as a fertiliser. 

^ Perchloric acid is formed when chloric acid solution is evaporated or 
distilled : 3HC10 3 = HC10 4 + Cl 2 + 20 2 + H 2 0. 

It is usually prepared by distilling potassium perchlorate with con- 
centrated sulplfuric acid : 

KC10 4 4- H 2 S0 4 - KHS0 4 + HC10 4 . 



XVII] POTASSIUM PERCHLORATE 275 

Potassium perchlorate K010 4 is prepared by heating the pure chlorate at 
510° in a new porcelain dish, or bettor at 480° in a silica flask for 8 hours, 
separating the chloride by cold water, and crystallising the residual per- 
chlorate from hot water : 4KC10 3 3K( '10 4 4- KC 1 ! . Any chlorate remaining 
may be decomposed by concentrated hydrochloric acid, which does not act 
on the perchlorate, and the perchlorate purified by recrystallising from hot 
water. 

When potassium perchlorate is distilled with four times its weight of 
concentrated sulphuric acid in a small retort under atmospheric pressure 
the perchloric acid collecting in the receiver gradually solidifies to white 
crystals of the monohydrate H010 4 ,H 2 0, in.pt. 50°. Anhydrous per- 
chloric acid was first prepared by Hoscoe (1861) by distilling the 
monohydrate at 110°, but it is more directly obtained by distilling 
potassium perchlorate with 90-97*5 per cent sulphuric acid under 
10 -20 mm. pressure at 90°-100°. It is purified bv redistilling at 
40° -60° under 00 mm. pressure. 

Anhydrous perchloric acid is a colourless mobile liquid, dens. 1 *782 
at 15°, boiling with some decomposition at 9<> r under 700 mm. pressure 
or without decomposition at 19° under 11 mm. pressure. Its m.pt. is 
- 112 '. It may explode when heated at atm. pressure. On keeping it 
becomes dark coloured (perhaps from formation of C1 2 0 6 ) and in a 
sealed tube it finally explodes. It is an oxidising agent and inflames 
paper and wood ; when dropped on wood charcoal which lias been 
previously heated and cooled it explodes violently. It fumes strongly 
in moist air and hisses when dropped into water, owing to the great heat 
of solution, 20*3 k. cal. per gm. mol. A constant b.pt. solution (72 per 
cent HC10 4 ) distils at 203 \ The following crystalline hydrates are 
known : 

HC10 4 ,H 2 0 m.pt. 4 50°. HC10 4 4H 2 0, m.pt. - 30°. 

HC10 4 ,2H 1 0, m.pt. -17*8°. lICI0 4 ,|H a O, m.pt. -41-4°. 

HU10 4 ,3H 2 (), two forms, m.pts. -43*2° and -37°. 

The crystalline monohydrate HC10 4 ,H 2 0 is apparently hydroxonium 
perchlorate (H ;) 0)010 4 , as its X-ray spectrum is like that of ammonium 
perchlorate (NH 4 )C10 4 . 

The oily aqueous acid is quite stable and is conveniently prepared by 
adding ammonium perchlorate (a commercial substance) dissolved in 
concentrated hydrochloric acid to warm concentrated nitric acid in a 
porcelain dish, and evaporating. The reaction is complicated : 
34N H 4 C10 4 i 36HNO.J + 8FIC1 - 34HC10 4 + 4C1 2 4 35N 2 0 + 73H 2 0. 

The aqueous acid is used in analysis but some care is necessary ; it 
detonates with great violence when evaporated with alcohol, and is 
probably not so safe as has been stated. 

Perchloric acid is a strong acid, as shown by the electrical conducts 
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when the temperature of 1 gm. of water is raised 1° C. (p. 178). The 
kilogram calorie (k. cal.) is the corresponding quantity for 1 kgm. of 
water-and 1 k. cal. = 1000 g. cal. 

Since heat is a form of energy , it can bo measured in orgs : 

1 g. cal. — 4*1 84 * 10 7 ergs, 

or, as 10 7 orgs is called a joule, 1 g. cal. — 4* 184 joules. The kilojoule (kj.) or 
1000 joules is sometimes used as a unit of heat, and 1 k. cal. — 4- 184 kj. 

Chemical reactions which evolve heat art 1 called exothermic , those 
which absorb heat endothermic . It is standard practice to take heat 
evolved as positive and heat absorbed as negative, but since evolution of 
heat corresponds with a decrease of energy the opposite convention is 
often used. The heat of reaction refers to the case when the products 
are finally brought to the same temperature, e.g. 18°, as the initial 
substances. 

The heat evolved in the formation of a compound from its elements is 
equal to the heat absorbed in its decomposition. If the heat evolved is 
represented by Q a thermochemical equation such as 

C ■+ 0 2 = C0 2 r Q 

means that 12 gm. of solid carbon in a specified form (e.g. graphite) 
combine with 32 gm. of oxygen gas to form 44 gm. of carbon dioxide, 
and Q g. cal. of heat are evolved, the temperature of the product 
being finally brought to the temperature of the initial substances/ 
e.g. 18°. 

When a reaction takes place at constant volume and no work is done 
by a gas expanding against the pressure of the atmosphere, the heat 
evolved is the decrease of energy of the system, - AE. A compound 
will contain less or more energy than its elements according as heat is 
evolved in its formation (exothermic compound) or is absorbed (endo- 
thermic compound). The energy content of 1 gm. mol. of a compound is 
sometimes called the intrinsic energy of the compound. The intrinsic 
energy contents (or energies) of the elements themselves are arbitrarily 
taken as zero. It is only energy changes which can be measured and 
not the absolute amounts of energy in the elements and in the com- 
pound. 

Cu + Sfrhombic) ~ CuS 4 11,600 g. cal. means that 63*5 gm. of copper and 
32 gm. of rhombic sulphur have, together, 11,600 g. cal. of energy more 
than 95 -5 gm. of cupric sulphide at the same temperature, and this 
amount of cupric sulphide has 1 1,600 g. cal. of energy less than the sum of 
the energies of the copper and sulphur, this amount of energy being 
evolved as heat in the reaction. 
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Heats of reaction. — If E x and E 2 are the total energy contents of the 
initial and final substances in a reaction, the increase of energy content 
due to the reaction is AE = Et _ E ^ _ Qv (1) 

where Q v is heat evolved at constant volume. This depends only on the 
starting materials (defining E ,) and the products (defining E 2 ), and not 
on how the reaction is carried out. 

If the reaction takes place at constant pressure and there is a change in 
volume, work will be done by the system against the atmospheric 
pressure if there is an increase in volume, and the heat equivalent of this 
work will be taken from the heat of reaction. Hence the heat of reaction 
evolved at constant pressure, or Q v , will be loss than that at constant 
volume, Q ri by this amount. If there is a decrease in volume (e.g. 
2H 2 + 0 2 = 2H 2 0 (gaseous)), then Q v is greater than Q r . The difference 
is significant only when gases take part, as the volume changes of 
solids and liquids are very small. 

If one gm. inol. or mol of a gas of volume l r is formed at the constant 
external pressure P, the work done" (pressure) x (increase in volume) 
is PV. Since Pr=R7 T if the change is carried out at the constant 
temperature T° abs., the external work is R7 7 , or approximately 
2T g. cal. absorbed (R is nearly 2 g. cal. per 1°). 

In a change at constant pressure P the work done is P( V 2 - V x ), and 
the total heat absorbed (in energy units) is 

AE+P(\\-V X )=-(E 2 -E X ) i P(V 2 -\\). 

This can be written in the form (E 2 + PV 2 ) - (E x \ P\\), or if we write 
H for E + PVy as II 2 - 7/ 1 = AII, the increase in a quantity //, called the 
heat content . If Q v is the heat of reaction (evolved) at constant pressure, 

(la) 

This depends only on the initial and final states (E v V x and E v V 2 ) at a 
* given constant pressure. 

When 2-0 10 gin. of hydrogen and 10 gm. of oxygen at 0 f and 1 atm. pres- 
sure, occupying 22*415 + J 1-207 33*022 litres, are converted into liquid 

water at 0°, the liquid occupies very nearly 18 ml. The decrease in volume 
is 33*004 litres, or very nearly 33*000 cm. 3 The atmospheric pressure is 
equal to the pressure of 70 cm. of mercury at 0‘ , or 70 x 13*595 x 980*6 
dynes per cm. 2 ; the work done by the atmospheric pressure, which appears 
as heat, is 33,000 x 76 x 13*595 x 980*0 3*404 x 10 10 ergs, and since 1 g. eal. 

is equivalent to 4*184 x 10 7 ergs, the thermal equivalent of the work is 
•3*404 x 10 10 /4*184 x 10 7 - 813*0 g. cal. Hence the heat of reaction at con- 
stant volume is 08,450 - 814 — 67,030 g. cal. This represents the difference 
between the chemical enorgios of the hydrogen and oxygen gases, and that 
of the liquid water. Thus : 

H 2 + J0 2 ~ 1I 2 0 (liq.) 4 08,450 g. cal. (constant pressure) ; 

" H t 4* JO* — H s O (liq.) 4 07,030 g. cal. (constant volume). 
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If the reaction occurred at 100°, with production of steam, the heat ■ 
evolved at constant pressure is diminished by the latent heat of steam; 
IS x 538 g. cal. 

With the convention that heat absorbed is positive, which is usual in 
Thermodynamics and is now often used in Thermochemistry, since AE and 
AH are the increase of energy and heat content, in the alternative notation \ 
the thermochemical equation 

C + 0* = C0 2 + 94,450 g. cal. 

(reaction at constant pressure) would be written 

C (graphite) 4 0 2 (gas) =C0 2 (gas) ; AH~- ~ 94,450 g. cal. 

The temperature and pressure should also (in strictness) be specified ; if 
they are not, room temperature (18°) and 1 atm. pressure are understood, 
and there is then no need to specify the physical statos, as these are known 
under these conditions. Symbols are sometimes used to specify the physical 
states ; round brackets ( ), square brackets [ ], or no brackets round the 
symbols mean gases (e.g. (H a O) is steam), solids (e.gr. [H 2 0] is ice) or liquids 
(e.g. H 2 0 is water). Sometimes the suffixes g , s and l are used for gases, 
solids and liquids. 

Thermochemical quantities can be classified as follows : 

(1) Heat of Combustion : the heat evolved in the combustion of 1 gm. 
atom of an element or 1 gm. mol. of a compound in oxygen to give specified 
products. 

(2) Heat of formation : the heat change in the formation of 1 gm. mol. of 
a compound from its elements in specified states. 

(3) Heat of reaction : the heat change in a reaction with the formula 
weights in grams. 

(4) Heat of neutralisation : this is usually given for equivalent (not 
molecular) quantities of acid and base in very dilute solution. 

(5) Heat of solution for 1 gm. mol. of a compound in a very large amount of 
water , denoted by Aq. (It varies with concentration, but becomes constant 
for this case ; otherwise a heat of dilution is involved when water is added to 
a solution). E.g. NH S 4- Aq. — NH 3 Aq. 4- 8400 g. cal. 


In the specification of heat changes, the physical conditions must be 
Stated ; e.g. whether the substances reacting are solid, liquid or gaseous; 
whether the reaction is between dry substances or in solution in water, 

> and in the latter case the concentration of the solution must be 
. given; if gases are involved, the temperature and pressure, and 
/whether the reaction is at constant volume or constant pressure, 
must be stated. 

; Hess’s law. — It is shown above that the heat of reaction, either ate 
constant volume or at constant pressure, depends only on the initial 
* aftd final states of the reacting substances, and does not depend on the 


intermediate states. This result was found experimentally by Hess in 



and is called Hess's law. 


It is usually stated as follows : 
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: . , If a reaction is carried out in stages the algebraic sum of the amounts of 
heat evolved in the, separate stages is equal to the total evolution of heat 
when the reaction occurs directly. 

. Carbon dioxide may be supposed to be produced from carbon (graphite) 

* and oxygen in two stages : 

(1) C + £0 2 = CO + g, cal. 

(2) CO 4 - ^Ojs = C0 2 4 g. cal. 

By adding these equations, according to Hess’s law, we find 

(3) C 4- 0 2 = CO* + Q g. cal. 

?i + <bi = § ; 

<h = Q - = 94,450 - 07,800 = 26,650 g. cal. 

This enables ns to find by calculation the heat of reaction (1) which 
cannot be found directly by experiment. 

Hess’s law shows that a heat of reaction is the algebraic sum of the heats 
of formation of the products minus the algebraic sum of the heats of forma- 
tion of the initial substances. For the compounds on the left of the 
equation may be supposed first decomposed into the elements, and the 
substances on the right then formed from these elements. 

Thermochemical calculations. — Two examples of the use of Hess’s 
law in solving thermochemical problems are given below. 

(1) From the following heats of combustion calculate the heat of forma- 
tion of ethylene C 2 H 4 from its elements at constant pressure : 

(1) H 2 4- £0 2 -H 2 0 4* 68,370 g. cal. 

(2) C 4 0 2 - C0 2 4- 94,450 g. cal. 

(3) C 2 H 4 4- 30 2 ~ 2CO a 4 2H a O + 340,000 g. cal. 

Thu thormoohomical equation to be solved for the unknown Q is : 

(4) 2C 4- 2H* - C 2 H 4 4- (? g. cal. 

Rearrange equations (l)-(3) so as to give the chemical part of (4) : 

, From (l) : 2H a = 2H 2 0 - O a 4- 2 y 68,370 g. cal. 

From (2) : 2C = 2C0 2 - 20 2 + 2 \ 94,450 g. cal. 

From (3) : 0 = C 2 H 4 4- 30 2 - 2CO a - 2H 2 0 - 340,000 g. cal. 

Add : 2C 4- 2H 2 = C 2 H 4 4- (136,740 4 188,900-340,000) g. cal. 

V 1 ' 20 4- 2H 2 — C 2 H 4 - 14,360 g. cal. (The reaction is endothermic.) 

(2) Find the heat of formation of gaseous hydrogen iodide from solid 
! iodine and hydrogen gas from the following heats of .reaction, all in k. cal. 

(for meanings of brackets see p. 280 : Aq. is a large amount of water) : 

’ / (1) (HI) 4 Aq. = HI Aq. + 19-20. 

k (2) KOH Aq. 4* HI Aq. =■- KT Aq. 4- 13-57. 

;■/ - (3) KI Aq. + J(Cl,) = 4ri«l + KCl Aq. 4 26-21, 
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(4) KOH Aq. + HC1 Aq. =- KCI Aq. + 13*74. 

(5) J(H,) + 4(0,) = (HC1) + 22-0. 

(0) (HC1) + Aq. = HC1 Aq.+ 17*32. 

Write (4), (5) and (6) in the reverse order under (1), (2) and (3) and add. 
This gives : 

J(H.) + J[IJ = (HI) - 5-92 k. cal. (absorbed). 

The table below gives the heats of formation in k. cal. evolved, in the 
formation of 1 grn. mol. at room temperature, the physical states being 
specified by brackets (see above). Sulphur is rhombic and carbon is 
graphite. 

Heats of Formation 


(H,)i- $(<>,>= H.O 

68*37 

2[P| + |(0,)=.|P,O s l 

360 

(H,) + l(0,)-t-(H,0) 

57*80 

[C| 1 (0,) -(CO,) 

94*45 

(H,) + (0,) = 1I.0. 

45*20 

[0]+i(O,) (CO) 

26*84 


22*06 

[Cl + 2[Sj-CS, 

- 15 4 

i(H.) ! JBr, (HBr) 

8*65 

|Na] l >(C1*) - |NaCI] 

98 3 

l(H.) + i[«J-(Hl) 

- 5*91 

[Na] 4 IBr, - |NaBr] 

86*7 

(H,) + L«J (H,S) 

5 3 

|Na]+ l[T,J = fNaI] 

69*3 

H(X,) + |(H,)-(NH,) 

1 1 *00 

lAgl+ !(«,)- [Ak('1| 

30*3 

[Pjf |(H,) — (PH,) 

-5*8 

1 Ag] 4 IBr, - [AfjBrJ 

24 

[As] + f (H,) — (AsH s ) 

- 44 

[Ag| + -Jfl,]- [Agl] 

1 5 

1(N,) + 1(0,) -- (NO) 

- 21*6 

|CaH (01,)-- [Cat 1,1 

J9I 

(N,)+ 1(0,) -(N,0) 

19*7 

|SrJ + (0l,)- [SrCl, | 

198 

[SI MO.) = (SO.) 

71 

|Ba] *■ (Cl,) — [Bad,] 

205 

[S| 4- 2(0,)- (SO,) 

93*9 

[Fel 4- 2(01,) - IFeCIJ 

96*4 


Heats of formation from the atoms.--- Heats of reaction always refer 
to the substances taking part in the reaction in the actual states in 
which they are used. The heat of combustion of carbon in the form of 
diamond in gaseous oxygen to form carbon dioxide is somewhat 
different from the heat of combustion of graphite, since these two 
forms of solid carbon contain different amounts of energy, whereas the 
same final product is obtained in each case. 

If we knew the heat of evaporation of solid carbon, the heat of 
dissociation of molecular hydrogen into atoms of hydrogen, and the 
heat of formation of methane from solid carbon and hydrogen gas, we 
could calculate the heat of formation of gaseous methane from gaseous 
carbon atoms and gaseous hydrogen atoms. In a similar way, it would 
be possible to calculate heats of formation of gaseous compounds from' 
the gaseous elements in the atomic state if data for heats of evaporation 
of the ordinary solid substances, and of dissociation of molecules into 
atoms, were known. 

It is possible to calculate (mainly from spectroscopic data) several such 
heats of dissociation into normal atoms, which are given in the following 
tJ$fele in k. cal. (absorbed) : 
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H, 

100-5 

NO ~ N 4 0 

121*4 

HF 

140 

Cl, 

57 

8. 

102 

HC1 

101-6 

Rr a 

45-2 

HD 

103-5 

HBr 

86 

i. 

35-4 

d 2 

104-5 

HI 

66 

bj 

110-4 

CO, .-'OO + O 

125-8 

II 2 0 --H f-OH 

118 

N, 

170 

N 2 0-NO f N 

88-5 




The stability of compounds. — Wc use the terms stable and unstable 
to denote whether a given compound is with difficulty resolved into 
its elements or into related compounds, or whether this change takes 
place easily and spontaneously. 

In general, a substance formed with considerable evolution of energy 
is stable, whilst a compound formed with considerable absorption of 
energy is unstable. The stability is roughly proportional to the amount 
of energy evolved in formation. 

Free energy. — Although fcho boat evolution, or diminution of total energy, 
gives an approximate measure of the stability of a compound, this is really 
determined by the content of free energy. Of the total energy diminution, 
part is convertible into work by suitable means, the other part appears as 
heat. The part convertible into work is the free energy. For example, the 
reaction : 

Zn 4 - ( 'ii!S0 4 A< j. — ZniSO* Aq. + Cu, 

as it occurs in the ordinary way evolves heat, but when it occurs in the 
Daniel 1 cell part (in this case nearly all) of the energy change is obtainable 
as electrical energy, which in turn is (theoretically) completely convertible 
into work. It is this free energy change; which gives ail accurate measure 
of the tendency of the system Zn f CuS0 4 Aq. to pass spontaneously mto 
the system Cu \ ZnS() 4 Aq., i.e. which provides a measure of the relative 
stability of the two systems. Only those changes occur spontaneously which 
lead to a diminution of free energy. The corresponding statement for total 
enorgy, that only those reactions occur spontaneously which are attended 
by evolution of heat, was stated by Thomsen and 1 tart helot, although the 
latter had the correct idea in mind when he called it the principle of maximum 
work. This principle is very often approximately true and is a useful guide. 
The statement is true at the absolute zero, and in many reactions between 
solids and liquids it holds approximately. The correct statement of the 
principle is Nemst’s Heat Theorem (1900) : this allows equilibrium constants 
to be calculat ed from beats of reaction. 

Free energy values, equilibrium constants, and other thermodynamic 
quantities can also be calculated by the methods of statistical mechanics. 
In addition to its translational energy, a molecule may have energy 
associated witli the vibration of its atoms (leading to stretching and bend- 
ing of the valency bonds), and with the rotation of the various parts of 
the molecule with respect to one another (for example the two OH n groups 
in ethane H a O-OH 3 ). A knowledge of tbo nature of these internal vibra- 
tions and rotations, and of the energies involved in them, is required for 
the calculations, and for relatively simple molecules this knowledge can 
be obtained by a study of the infra-red and Raman spectra of the sub- 
stances (p. 439). For most molecules at reasonably low temperatures (say 
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below 1000°) the possibility of energy changes due to the exoitation of the 
electrons, ie. their transition from one energy level to a higher one (p. 427), 
can be disregarded. The results of calculations of free energies from 
spectroscopic data are usually in excellent agreement with values from 
other sources ; any discrepancies between these so-called statistical values 
and other values (for example, those obtained by an application of the 
Nemst Heat Theorem) can he attributed to specific peculiarities in the 
molecules concerned. 



CHAPTER XVIII 


THE LAW OF MASS ACTION 

Chemical affinity .—In the earlier history of chemistry it seems to 
have been thought that substances closely' related to one another ( e.g . 
mercury and gold) show the greatest tendency to combine, hence the 
name affinity (from affinis, related) was given to the cause of chemical 
combination . 

It was assumed by the alchemists (except Van Helmont) that substances 
were destroyed on combination, so that an add and alkali had nothing in 
common with the salt produced from them. Boyle in his Sceptical Chymist 
(1061), however, remarks that : “ gold may be so altered, as to help to 
constitute several bodies, different from itself, and the other ingredients ; 
yet it may be reduced again into the same yellow, fixed, ponderable, and 
malleable gold it was, before its mixture with thorn.” Also : “ notwith- 
standing, the particles of some bodies are so closely united, yet there are 
some which may meet with particles of oilier denomination, which are 
disposed to be more closely united with some of them than they are amongst 
themselves.” 

Mayow (1674) said that when ammonia combines with hydrochloric 
acid the resulting salt (sal ammoniac) shows none of the properties of 
the acid and alkali. But if sal ammoniac is heated with potash, the 
ammonia is displaced, “ because the acid is capable of entering into 
closer union ” with potash than with ammonia. To show that an acid 
is not destroyed on neutralisation, he refers to the distillation of nitre 
with sulphuric acid, which displaces the nitric acid. Nitre on heating 
does not lose nitric acid, which is kept down by the attraction of the 
potash, but if sulphuric acid is added the nitric acid comes off, “ be- 
cause the volatile acid . . . has been expelled from the society of the 
alkaline salt by. the more fixed vitriolic acid.” 

Newton pointed out that potash becomes moist in the air, whilst nitre 
remains dry, in consequence of an attraction for moisture shown by the first 
substance, but not by the second. Similarly, mercury precipitates silver 
from its solution in nitric acid, copper in turn precipitates mercury, and 
, iron precipitates copper, because of the increasing attractions of these 
metals for the acid. H© suggested that the attractions might be electrical, 
: , . ©eoffroy in 1718 and Bergman in 1 775 arranged substances in tables, 
galled affinity tables , such that a substaneo standing higher in a column in a 
• table would displace all those standing below it from their compounds. 
In a series of acids, for example, sulphuric acid displaces hydrochloric acid 
and nitric acid from their salts, and was supposed to have a greater affinity 
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for the base. It was assumed that if A lias a stronger affinity for R than C 
has, then A will decompose the compound BC completely , displacing C and 
forming AB : A 4- BC = AB 4* C. The orders were different in solution and in 
a state of fusion. 
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Fig. 165 — Geoff hoy's Afj inity Table. 

The action of mass. — Berthollet in his Researches into the Laws of 
Affinity (Cairo, 1799) and Chemical Statics (Paris, 1803) showed by 
experiments that the reaction A +BC=AB f C is not always complete 
and may also take place in the reverse direction. He concluded that : 
“ in opposing the body A to the combination BC, the . . . body B will 
be divided between the bodies A and C proportionally to the affinity and 
the quantity of each.’* This statement includes the law of mass action, 
that the amount of reaction depends on the quantity of substance 
in unit volume, or its concentration . 

Berthollet said the activity is proportional to the affinity and the 
quantity, the product being what he called the active mass. A weak 
affinity is compensated by high concentration and a strong affinity 
weakened by high dilution. The law of mass action may be stated in 
the form that : in reversible reactions the amount of chemical change is 
proportional to the product of the active masses of the reacting substances. 

Dulong (1813) found that when barium sulphate is boiled with 
successive portions of potassium carbonate solution it is converted into 
barium carbonate, whilst barium carbonate when boiled with successive 
portions of potassium sulphate solution is converted into barium 
sulphate. The reaction 

BaS0 4 4 K 2 C0 3 ^BaC0, 4- K 2 S0 4 
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is reversible. With increasing mass of potassium carbonate it takes 
place from left to right ; with increasing mass of potassium sulphate 
it takes place from right to left. After boiling with a given solution of 
potassium carbonate, an equilibrium is reached with both barium 
sulphate and carbonate present, and a solution containing both 
potassium carbonate and potassium sulphate in a definite ratio. 

J. H. Gladstone (1855) found that ferric nitrate and ammonium 
thiocyanate in solution react incompletely to form ferric thiocyanate, 
which has a red colour, and ammonium nitrate. The reaction : 

Fe(N0 3 ) 3 3NH 4 CNS^Fe(CNS). t f 3NH 4 N0 3 
is reversible. If more ferric nitrate or ammonium thiocyanate solution 
is added, the red colour deepens, whilst addition of ammonium nitrate 
favours the reverse reaction and the colour becomes paler. 

Prepare two solutions containing 3*5 gm. of crystallised ferric nitrate 
F©(N0 3 ) 3 ,()H 2 0 and 2*3 gm. of NH<ONS per litre. 

Mix 100 ml. of each. A dark -red solution of Fe(CNS) 3 is formed. Add 
25 ml. of this solution to 1 litre of water in each of four glass cylinders ; a 
pale brownish -red colour is produced. Keep One jar for reference, and to 
the other throe add : («) 25 ml. of the ferric nitrate solution ; (6) 25 ml. of 
the thiocyanate solution ; (c) 25 ml. of a s&turated solution of NH 4 N0 3 . 
Observe the colour change in each case. 

Very general statements that all reactions are reversible, must be accepted 
with reserve. Many chemical reactions seem to he irreversible under all 
known conditions. Magnesium burns in oxygen to form magnesium oxide : 
2Mg + 0 2 2MgO, and oven at the highest temperatures this oxide appears 
to be stable. The oxidation of mercury in Lavoisier’s experiment is a 
similar reaction but is reversible : 2Hg + 0 2 ^2HgO. Again, organic com- 
pounds burn in oxygen to produce carbon dioxide and water (if they con- 
tain only carbon, hydrogen, and possibly oxygon). Sugar burns in this 
way : C 12 H 22 OH + 1 20 2 ' 1 2C() 2 f- 1 J H 2 0. There is no trace of sugar left in 
equilibrium with CO*, 11*0, and 0 2 , and the reaction is irreversible. 
Nevertheless, the reverse reaction takes place in green plants under the 
influence of sunlight. 

The law of mass action was first clearly formulated by Guldberg 
and Waage in 1867. It may be regarded as an experimental fact, but 
may be deduced: (1) from thermodynamics; (2) from the kinetic 
theory of gases. A sketch of the second method, due to Guldberg and 
Waage, is given below. 

Kinetic deduction of the law of mass action. — The kinetic theory of 
gases may be used to deduce the law of mass action for a chemical 
reaction taking place in a gaseous system. When a mixture of hydrogen 
and iodine vapour is kept at a fixed temperature, hydrogen iodide is 
.formed ; when hydrogen iodide is heated at the same temperature it 
decomposes into hydrogen and iodine vapour. In both cases the re- 
action is incomplete and a state of equilibrium is reached. 

The same state of equilibrium is reached on heating hydrogen iodide 
at 444° for a sufficient time as on heating a mixture of hydrogen and 
iodine vapour, in equivalent proportions, at the same temperature : 
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In the reaction between hydrogen and iodine vapour, the probability 
that a hydrogen molecule will be at a given point is proportional to 
the number of hydrogen molecules in unit volume. The probability 
that an iodine molecule will be at the same point is proportional to 
the number of iodine molecules in unit volume. When the two mole- 
cules are at the same point a collision results. The number of collisions 
in unit time is thus proportional to the product of the numbers of hydro- 
gen and iodine molecules in unit volume. 

Since the number of molecules is proportional to the number of gm. 
molecules or mols (no. of molecules - no. of mols x Avogadro’s number), 
the number of collisions in unit volume in unit time is proportional to 
the product of the number of mols of hydrogen and the number of 
mols of iodine m unit volume, i.e. to the product of the concentrations, 
c h 3 xc V Not cver . v collision results in chemical change, but it is 
assumed that a constant fraction of the total number of collisions is 
effective. Hence the rate of reaction of hydrogen and iodine in unit 
time in unit volume is 

rate of combination of II 2 and ^Yn 2 c i t (1)„ 

where lc l is a constant at a given temperature, called the velocity 
coefficient for this reaction. Expression (1 ) gives the velocity of change 
of hydrogen and iodine into hydrogen iodide. 

The hydrogen iodide molecules formed will also enter into collisions 
and undergo decomposition into hydrogen and iodine molecules. 
Since two hydrogen iodide molecules must bo at the same point for 
collision, the above reasoning shows that, as the probability of finding 
each at the same point is proportional to the concentration, the proba- 
bility of finding two at the same point is proportional to the square of 
the concentration. Hence, the velocity of change of hydrogen iodide 
into hydrogen and iodine is 

rate of decomposition of HI=& 2 e 2 iii (2), 

where k 2 is a velocity coefficient for this reaction. 

At equilibrium, as many molecules of hydrogen iodide are formed in 
unit volume in unit time as are decomposed. The velocities (1 ) and (2) 
are then equal, and the values of c arc now the equilibri um concentrations * 
Hence, for equilibrium : 

k\C}i,c\ t = &gC 2 ju 

C 2 HI / = const. = K (3), 

where K is called the equilibrium constant . This is independent of the 
concentrations (and hence of the pressure) but depends on the tempera- 
ture, which changes the direct and reverse* reaction velocities by 
different amounts. 

The same reasoning shows that for any reversible reaction : 
aA + bB-f ... f qQ -f ... 

where a, b, , p, q, ... are the numbers of reacting molecules of the 
substances A, 13, ... , P, Q, ... , the equilibrium constant is : 

... /c A a <V> ... (4) 
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The probability of collision of more than two molecules at the same place 
is very small, and the kinetic deduction is less suitable for reactions of 
higher order, but the law of mass action, as (4) is called, may be supposed 
to follow in the general case from its confirmation by experiment., or it 
may be deduced from Thermodynamics. 

It is usual to write the product of the concentrations of the product# of a 
reaction in the numerator of the equilibrium constant, and the product of 
the concentrations of the reacting substances in the denominator, as above. 
The larger the value of K, the greater will be the extent of the forward 
reaction (loft to right) when equilibrium is reached. Sometimes the con- 
centrations, in gm. mots, or rnols per litre, are denoted by the chemical 
symbols in square brackets, [X J instead of cx* and both methods will be used 
in the sequel. 

The equilibrium state. — If follows from the kinetic theory that a 
state of equilibrium will be the same whether ihe substances A, B, ... , or 
the substances P, (), ... are initially taken. The same equilibrium state 
is reached on heating hydrogen iodide at 444° for a sufficient time as 
ion heating a mixture of equal volumes of hydrogen and iodine vapour 
at the same temperature. 


This was proved experimentally by Lomoine ( 1877) and Bodenstein ( 1 894), 
whoso results are shown in Big. 166. The abscissae are times of heating in 
minutes and ordinates fractions of UI in 


the mixture. The upper curve is for the 
decomposition of HI and the lower for its 
formation from hydrogen and iodine. Both 
curves approach the same equilibrium 
State shown by the horizontal line. The 
Condition for equilibrium is that as much 
of a substance (e.g. HI) is formed in a 
> given interval of time as is decomposed, 
and equilibrium is a state which is inde- 
pendent of time. 

A true chemical equilibrium state is 
always a balance of two opposite changes, 
bpth of which are going on, and is a 
State of dynamic equilibrium and not 
a static state in which no change at all 
occurs. This was realised by Williamson 
in 1850. 

. Homogeneous and heterogeneous equi- 
libria, — Equilibrium states are divided 



Fig. 166. — Attainment of 
equilibrium state. 


into (i) homogeneous equilibria in which the whole system forms only 
one phase, or is wholly in the same physical state (usually gas or 
liquid), as with the hydrogen and iodine system ; and (ii) heterogeneous 
. equilibria when more than one phase is present. Examples of hetero- 


geneous equilibria are those of liquid with vapour, and solid with liquid, 
/in physical changes, and the decomposition of barium peroxide by heat 
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as a chemical change : 2Ba0 2 v^2Ba0 4 0 2 . In this case oxygen mole- 
cules re-form barium peroxide by collision with baryta (BaO), 


The rate of decomposition of BaO*. is constant at a given temperature, 
and when the rate at which BaO« is formed from BaO and 0 2 is equal to the 
rate at which it decomposes, equilibrium is reached. The rate of formation 
of Ba0 2 is proportional to the number of collisions of oxygen molecules per 
second, and this to the pressure of the oxygen gas ; hence equilibrium is 
reached with a definite pressure of oxygen. At higher pressures, oxygen is 
absorbed to form barium peroxide ; at lower pressures barium peroxide 
decomposes into baryta and oxygen. The equilibrium pressure does not 
depend on the amounts of the solids (BaO and Ba0 2 ) present. 

It might be thought that a greater surface of BaO would offer more 
opportunities for oxygen molecules to recombine, and hence lead to a 
lower oxygen pressure. Ostwald pointed out that the equilibrium is 
reached in the surface of separation of the solids. The oxygen is at first 
absorbed by barium oxide to form a layer of barium peroxide, and 
barium peroxide in decomposing forms a layer of barium oxide. The* 
solids just below the surface of separation come into equilibrium with it 
by loss or gain of oxygen molecules, and equilibrium is reached when 
as many oxygen molecules enter as leave the interface in the same time. 
The same reasoning applies to the decomposition of calcium carbonate : 
CaC0 3 ^Ca0 + C0 2 . 

Effect of volatility or insolubility. — Berthollet pointed out that a 
reversible reaction may go to completion when a product is removed 
from the sphere of action by its volatility (when it passes away as a gas) 
or by its insolubility (when it deposits as a solid). In both cases the 
substance ceases to exert an influence on the equilibrium state. 

If calcium carbonate is heated in a closed vessel an equilibrium state 
is reached owing to the reversibility of the reaction : CaC0 3 ^ CaO -f 
C0 2 . As many molecules of carbon dioxide an; formed by decomposition 
in a given time as are absorbed by combination with the calcium oxide. 
But if the heated calcium carbonate is exposed to the atmosphere, or is 
in a current of air, the carbon dioxide is carried away and cannot re- 
combine with the calcium oxide. The calcium carbonate may then 
decompose completely into calcium oxide and carbon dioxide. 

When iron is heated in steam in a closed vessel, oxide of iron and hydrogen 
are formed : 3Fe + 4H 2 0 Fe 3 0 4 + 4H a . Since in the same conditions oxide 

of iron is reduced by hydrogen a state of equilibrium is reached : 3Fe + 
4H 2 0 v*Fe a 0 4 4H a , and this is the same whether iron is heated in steam or 
iron oxide is heated in hydrogon. If a current of steam is passed over heated 
iron, the hydrogen formed is removed with the excess of steam and the iron 
may be completely oxidised. If a current of hydrogen is passed over heated 
iron oxide, the steam formed is carried away by the excess of hydrogen and 
the oxide may be completely reduced. 


The effect of volatility was pointed out by Mayow in 1674 (p. 285) 
for the equilibrium : KNO s +H 2 80 4 ^KHS0 4 4 HN0 3 , which is dis* 
turbed by the removal of the volatile nitric acid. The reverse reaction 
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was proved by Baume in 1773 by crystallising out potassium nitrate 
from a solution of potassium sulphate in concentrated nitric acid. 

The effect of insolubility appears when a reaction product is precipi- 
tated from the system and ceases to have an effect on the equilibrium. 
In the reaction BaCl 2 f H 2 80 4 ^BaB0 4 f 2HC1, the barium sulphate 
precipitates and the reaction goes practically to completion since the 
concentraton of BaS0 4 in the solution is very small . Precipitated 
barium sulphate is appreciably soluble in boiling concentrated hydro- 
chloric acid. 

Investigation of equilibrium states.— Since states of equilibrium are 
disturbed when one or more of the reacting substances are removed from 
the sphere of action, and also by a change of temperature, it is often 
difficult to find the true equilibrium state which is reached at a higher 
temperature when the system is cooled to atmospheric temperature for 
analysis. Use is made of the fact that the velocity of reaction is much 
smaller at lower temperatures , so that if the system is cooled very rapidly 
the equilibrium is (as it were) “ frozen ”, and the composition of the 
resulting system may be the same as that of the equilibrium state at the 
higher temperature. 

If hydrogen iodide is heated at 444 c till equilibrium is reached, and 
the bulb containing the equilibrium mixture of gases : 2HI^H 2 + I 2 is 
rapidly cooled, solid iodine deposits and a gaseous mixture of hydrogen 
and hydrogen iodide remains. By opening over potassium iodide solu- 
tion the iodine and hydrogen iodide dissolve and the hydrogen remains. 
The iodine may be titrated and the volume of hydrogen measured, 
and so the amounts of HI, H 2 and I 2 in the equilibrium mixture at 
444° can be found. This method was used by Bodenstein (189 4). 

In the dissociation of steam : 2H»CM2H 2 4 0 2 , the reaction velocity 
at the high temperature is so large that very rapid cooling is necessary 
to freeze the equilibrium state. Grove (1847) heated a platinum wire 
electrically in steam. The products of dissociation formed on the sur- 
face of the wire passed into the diluting and cooling atmosphere of 
steam, and their reeoni bination was prevented. After a long time the 
gas mixture, which continually came in contact with the hot wire, 
reached equilibrium at the temperature of the wire. 


-C0 9 +0 2 


Fig. 167. — -Deville’s experiment on dissociation. 

Devilie (1864) used the apparatus shown in Fig. J67. A wide glazed 
porcelain tube had an unglazed porcelain tube inside it, and the tubes 
were strongly heated. Steam was passed through the inner tube and 
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carbon dioxide through the space between the tubes. The gases from 
both tubes were collected over potassium hydroxide solution, which 
absorbs carbon dioxide. The hydrogen and oxygen formed by dis- 
sociation of the steam were partly separated by more rapid diffusion of 
the hydrogen through the porous inner tube, most of the oxygon re- 
maining. The gas from both tubes was eollected in the same receiver 
and 1 e.e. of detonating gas (2H 2 i 0 2 ) was collected for every gram of 
steam passed through. 

Deville passed carbon dioxide rapidly through a glazed porcelain 
tube packed with bits of porcelain and heated at 1200° to 1300°. The 
gas was collected over potassium hydroxide solution and a small volume 
of a mixture of carbon monoxide and oxygen was obtained : 2CO z ^ 
2CO + 0 2 . In other experiments, Deville passed a gas through a heated 
porcelain tube with a narrow axial silver tube cooled by flowing water, 
which chilled the gas mixture so that some of the products of dissocia- 
tion were obtained. These experiments are usually described as the 
“ cold-hot tube method/’ 

The following table gives the percentage dissociation of steam us found 
by Nernst and von Wartonborg ( 1 900). They passed stoam mixed with some 
detonatmg gas (2IT 2 -i- 0 2 ) through a strongly heated porcelain tube and 
collected the detonating gas, chillod by passing through a porcelain capillary 
tube, over mercury, the volume of liquid wator condensed being also 
measured. Grove’s heated wire method was used by Langmuir (1 906) and 
Holt (1907). 

T° abs. 10 atm 1 atm. 01 atm 0-01 atm 

1000 - 1*39 x 10 * 3 00 x 10“* 6-46 x 10 5 1-39 a 10 4 

1500 - 1 03 x 10- 2 2-21 x 10 2 4-76 v JO 2 0103 

2000 - 0-273 0-588 1-20 2-70 

2500 - 1*98 3-98 8-10 10-6 

At the melting point of platinum (1755°) and 760 mm. pressure, about 
6 moleculos of steam m every thousand are dissociated. At 7*6 mm. 
pressure this increases to 27. 

Equilibrium calculations. — The following examples illustrate the 
quantitative application of the law of mass action. (For further 
examples, see J. R. Partington and K. Stratton, Intermediate Chemical 
Calculations , Macmillan, Chapter X). 

Example 1. — 7-94 e.e. of hydrogen (ineasurod at S.T.P.) and 0*0601 gm. 
of solid iodine were heated in a sealed bulb at 444° till equilibrium was 
reached. 9-52 c.c. of hydrogen iodide (measured at S.T.P.) were formed. 

At S.T.P. 2 x 127 gm., i.e. 2 gm. mols., of iodine vapour would occupy 
22*42 lit. or 22420 o.c., hence the volume of iodine vapour initially present 
W|g 22420 x 0*0601/2 x 127 = 5*30 c.c. 

vThe 9*52 c.c. of hydrogen iodide were formed from 4*76 c.c. of hydrogen 
and 4*76 c.c*. of iodine vapour, henoo in the equilibrium mixture : v t 

vol. of hydrogen = 7*94 - 4*76 - 3*18 c.c. 
vol. of iodine vapour - 5*30 - 4-76 = 0*54 c.c. 
vol. of hydrogen iodide-" 9-52 c.c. 
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If V lit. is the volume of the bulb, the concentrations in gm. mol, /lit. are : 
[H*] ~ 3*1 8/22420 V, [T 2 ] = 0*54/22420F, [HI]^9-52/22420F, since 1 gm. 
mol. of gas at S.T.P. occupies 22420 c.c. 

The value of the equilibrium constant at 444° is thus : 

K - |.H a ] x [I j.1/1 HI] 2 — 3*18 * 0-54/(9-52)*^ 0 01895, 

the factor 22420 V cancelling. This shows that the equilibrium composition 
in this case is independent of the volume. 

Npw suppose that 8- 10 c.c. of hydrogen and 2*94 c.c. of iodine vapour 
(both reduced to S.T.P.) are heated together at 444°. What volume of HI 
m formed at equilibrium ? Let c.c. be formed. Then : 

H 2 4 I 2 ^ 2HT 
volumes (8*10 ~x) (2*94 ~x) 2x 

(8*10 - #)(2*94 - x)f4x* K — 0*01895. 

The solution of the quadratic equation gives x= 2*825 or 9*12. Only the 
root 2-825 is possible, since 2*94 c.c. of iodine vapour can give only 5-88 c.c. 
of HI as a maximum. Henco the volume of HI formed is 2 y 2-825 *-5-65 
c.c. Hodenstein by experiment found 5-66 c.c. 

Examplk 2. 2-0 gm. of phosphorus pentachloride sealed in a vacuous 

bulb of 200 c.c. capacity were heated at 200 . If PC1 5 is 48-5 per cent 
dissociated at 200° at 1 atm. pressure, find the pressure developed in tho 
bulb. 

2*0 gm. PCl ft - 2-0/208 -’0 0090 gm. mol. (mol. wt. of PC1 6 — 208). Let x 
be the degree of dissociation of the P(% under the* conditions of the experi- 
ment, the volume F being 0*2 lit. The concentrations are : 

IPPUl 0-0090(1 ,r)'0*2, IPC1J - [Cl 2 | -0-0096J-/0-2. 

The equilibrium constant is K 0*0096:r 2 /0.2(l -x) (i) 

At ?00° at 1 atm. pressure the PC1 5 is 48*5 por cent dissociated. But 1 
mol of PC1 5 forms (1 - x) mols of P(d 5 and x mols each of PP1 3 and Cl 2 , 
or (l - x) I 2x- 1 +x mols in all. At S.T.P. the mixture occupies (1 4 x) y 
22-4 lit., and at 200°, 22-4 * 1-485 473/273-57-0 lit. 

The equilibrium constant is K [ PCT a ][C Tal/Lim^l- 

[PC1 3 ] = 0-485/57-0, f(n 2 ] -0*485,57-0, |Pri 5 ] (1 0-485)/57-6 --- 0*515/ 

57 ‘ 6, . . K - (0*4ttfi)-/0'5l5 ■ .VT-fi - 0 00793 (ii) 

It should be noted that this expression, unlike the one for hydrogen 
iodide, includes the volume, hence the equilibrium composition (but not 
K) depends on tho volume. From the two expressions (i) and (ii) it is 
found that the significant root is x~ 0-332. 

The number of mols in 200 c.c. is thus 1-332 x 0-0096 and tho pressure 

will be 22-4 473 

1 -332 x 0 0096 x — — x - =y 2-48 atm. 

* 0*2 21 o 

K Effect of pressure on equilibrium composition. — It must be emphasised 
that the equilibrium constant K does not depend on pressure but only 
on temperature, whereas the composition of the equilibrium mixture 
(specified by the value of x in the above examples) may depend on the 
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volume or pressure. When the reaction does not lead to a change cxf 
volume, a pressure change has no effect on the equilibrium composition. 
This is the case with the dissociation (or formation) of hydrogeii iodide : 

2HI ^ H 2 + I 2 

2(1 -x) x x 

[HT| =2(1 -x)/V, [HJ-PJ-ar/F 
K - [H 2 ] x fI,]/fHI] = x*/4(I - x)* (i) 

Since this expression is independent of volume, change of voluifle or 
of pressure will have no influence on x. The same result applies to the 
case 2NO^N 2 + 0 2 . 

In the dissociation of phosphorus pentachloride there is an increase 
in volume, and V now appears in the equation for the equilibrium 
constant : 

PC1 5 ^ PC1 3 + Cl 2 

[pci 5 ] = (i -x)/v, iKa,i-ia,j-*/F 

K « | PC1 8 1 x [C1 2 1/[PC1 5 | -*■/( 1 -*) V (ii) 

In this case the volume, and hence the pressure, is involved. If V is 
increased, i.e. the pressure is decreased, the denominator in (ii) becomes too 
large and the numerator, and therefore x 9 must increase to keep the value 
of the expression on the right equal to K. Hence dissociation increases 
when the pressure is lowered. Similarly, it is shown that dissociation 
decreases when the pressure is raised. Dilution with an inert gas reduces 
the partial pressures of the reacting substances, and lias the same effect as 
lowering the total pressure on the pure mixture. 

Equation (ii) also applies to the case : N 2 0 4 ^2N0 2 , for which the 
effect of adding an inert gas was proved experimentally by Playfair and 
Wanklyn (1861). 

Effect of change of temperature on equilibrium. — Unlike change of 
pressure, a change of temperature leads to a change in the value of the 
equilibrium constant K itself. The effect depends on the sign of the heat 
of reaction. In the equilibrium equation, reaction in one sense will 
evolve heat and reaction in the opposite sense will absorb heat. The 
general rule is that rise of temperature favours that reaction which 
absorbs heat. Hence, when the temperature of an equilibrium mixture 
is raised, that reaction takes place which tends to cool the system, i.e . 
which absorbs heat ; and when the temperature is lowered that re- 
action takes place which tends to heat the system, i.e. which evolves 
heat. Since the dissociation of HI, PCi 6 , and N 2 0 4 absorbs heat, rise of 
temperature increases the extent of dissociation. 

The effect of temperature can bo calculated from the reaction isochore 
equation , due to van’t Hoff (1885) : 

1 

P * 

where K t and K % are the equilibrium constants at the absolute temperaturef , 
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7\ and T tt and g v is the heat of reaction in gm. cal. absorbed at constant 
volume. 

Example. — The vapour densities (air = 1) of N 2 0 4 and of the partly 
dissociated gas : N 2 0 4 ^2NO a , at 26-7° and 111*3° and 1 atm. pressure are 
3’ 179, 2*65, and 1*65, respectively. The extent of dissociation x is calcu- 
lated from the equation: ol~(A - D)fD (p. 116) as (3*179 - 2*65)/2*65 = 
0*1997 at 26*7°, and (3*179 - l-65)/l *65 -0*9266 at 111-3°. The volume V 
containing 1 + x gm. mols. at 1 atm. at 26*7° is 22*4 x 1*1997 x (299*7/273) ■= 
29*50 lit., and at 1 1 1 *3° is 22*4 x 1 *9266 x (384*3/273) - 60*74 lit. The equi- 
librium constant is K--x 2 l( 1 - x)V. Hence : 

log K x = \ og [(0*1997) a /0*8003 x 29*50] = 3*2277 
log log L(0*9266) 2 /0*0734 x 60*74]= 1*2846 
log K 2 - log K x ss 2*0659. 

Also 1 /Tj - \IT 2 =--(T 1t -T i )lT 1 T t ^ 84*6/(299*7 x 384*3) = 1/1359*5. 

Hence = 4*576 x 2*0659 x 1359*5= 12,850 g. cal. 

Law of reaction. — The effects of changes of pressure and temperature 
on the composition of an equilibrium mixture are summarised in the 
law of reaction stated by Le Ch atelier : if a system in equilibrium is 
subjected to a constraint , a change occurs , if possible , of such a kind that 
the constraint is partly annulled. This applies only to systems in equili- 
brium. Change of pressure leads to changes which alter the pressure in 
the opposite direction : changes of temperature lead to changes which 
tend, by absorption or evolution of heat, to changes of temperature in 
the opposite direction. In the last case, if the altered temperature 
be maintained, change of composition will occur in the specified sense. 
If a reaction occurs without change of volume, pressure has no in- 
fluence; if it occurs without absorption or evolution of heat, temperature 
changes are without effect. 

Effect of addition of products of reaction. — The effect of adding an 
excess of one of the products of dissociation at constant volume is easily 
seen from the law of mass action. In the dissociation of hydrogen 
iodide, to which the equation K ~[H 2 ] x [1 2 ]/[HI] 2 applies, addition of 
excess of hydrogen or iodine vapour increases the corresponding con- 
centration, and to maintain the value of A r , [HI] must also increase, i.e . 
the extent of dissociation is reduced. The same result follows for the 
addition of phosphorus trichloride vapour or chlorine in the case of the 
dissociation of phosphorus pentacliloride, K = [PC1 3 ] x [C1 2 ]/[PC1 5 ]. 

The effect at constant pressure is not so easily seen, since the change of 
volume alters the concentrations. 

Let 2 mols of hydrogen iodide be heated at 444°. Then (p. 294) : 

# 8 /4(l - #) 2 = Iv = 0*01895 

xj(\ ~x) — \/(0'0758) = ± 0*2754, and the admissible value of x is 

< 0*216. Suppose 1 mol of hydrogen is added, the pressure remaining con- 
stant, and let x change to x'. Then : 

2H1 ^ H 2 + I* 

#r, 2(1 - x') l + x' x ' 
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The total number of mols is 2(1 - x') + 1 4 x r 4 x f - 3, and the total volume 
is V tss. &RT/p, whero V in the volume at the temperature T and pressure p. 
Hence : 

‘ [HI 1 ~ 2(1 S)pl'MT, lHJ=r(l + j->/3E!T, [l^x'pftT, 

.\ K~x'(\ t .0/4(1 -yy 0 01895, 

hence .r' 0*003 (the negative root boing inadmissible). 8ince the degree of 

dissociation of pure III at 444° is x — 0 2 1 6, the degree of dissociation is 
reduced by adding hydrogen at constant pressure. Addition of excess of 
iodine vapour would have the same effect. 

Let 1 mol of I’C1 6 ho heated at 200 ** at 1 atm. pressure and let a further 2 
mols of PCI,, \apour be added at constant pressure . In PCI* vapour alone 
the degree of* dissociation is 0-485, and K 0*00793. Let x now change to 
x'. Then : 

n\ pci 3 4 ci 2 

1 -a' 2+ x' x' 

The total number of mols is 1 - j' t 2 r' \ r' 3 4 0"', and the volume is 
F = (3 + y)RT/p-(3 r x')RT (p-- 1 atm.) : 

lYi\]-(l-x')IB,T(Z + x'), [PC1 3 ] -(24 x')IRT(3 t-x'), [C\ 2 \--x'IB,T(3l x') 
K-- [PCh] - [Cl 2 j/(PCl # ]=,o-'(2 ♦ .r')/R7’(3 f r')(l x') -0 00793. 

R = 0-08208 lit. atm./l° (p. 108), T 273 \ 200 473, / R T- 38-824, 

•\ x'(2 + x')l(3 h x')(l - x') - 0-3079, x' — 0*300 (t lie other root being 
inadmissible). Hence the degree of dissociation is reduced from 0-485 to 
0*3079. 

Wurtz (1873) showed that when phosphorus pentachloride is volati- 
lised in an atmosphere of phosphorus trichloride vapour at atmospheric 
pressure its dissociation is largely suppressed, very little of the colour 
of chlorine being seen. By volatilising phosphorus pentachloride and 
trichloride in a Dumas vapour density bulb, finding the density of the 
mixed vapour, and analysing the content of the bulb, he was able to 
calculate the vapour density of phosphorus pentachloride, which was 
nearly normal in presence of the excess of trichloride. 

Heterogeneous equilibria. — Guldberg and Waage showed that when 
solids are present in a system their active masses may be taken as con> 
stant and included in the equilibrium constant K. In the reaction 
KgC0 3 ,Aq. 4~BaS0 4 ^K 2 S0 4 ,Aq. + BaC0 3 , the active masses of BaSO# 
and BaC0 3 may be taken as constant, hence A r =[K 2 80 4 J/[K a C0 3 ]. 
This is easily understood, since the vapour pressure and solubility* 
of a pure solid are constant at a given temperature, and in present# 
of the solid its concentration in the gas or solution is constant at that 
temperature. 

As an example, consider the reaction : 

3Fe + 4H 2 CMFe 3 0 4 + 4H 2 . 

Solid iron and the iron oxide may be supposod to have very small and * 
constant vapour pressures, and hence to be present in the gas phase, 
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which the laV of mass action applies, in very small and constant con- 
centrations . [Fe ] « const*, [Fe 3 0 4 ] = const. 

The equilibrium in the {fas phase is given by : 

K'-[ Fe 3 0 4 l x f H 2 ] 4 /[Fc ] 3 x [H 2 01 4 , 
but sinoe [Fe 3 0 4 l/[Fe] 3 is constant . this may be written : 

K' -const. x[H 2 ] 4 /[H 2 0] 4 


or A^[H 2 ]/[H 2 0], 

showing that the ratio of the concentrations (or partial pressures) of 
hydrogen and steam is constant at a given temperature. This agrees 
with the experimental results. The equilibrium is not affected by the 
amounts of iron and iron oxide present. 

Equilibrium constants in terms of partial pressures. — Since the partial 
pressure of a gas is simply related to its concentration, the law of mass 
action may be expressed in terms of partial pressures. Let n mols of a 
gas be contained in a volume V lit. The volume of 1 mol is V/n and 
the general gas equation (p. 107) may be written : p( V/n) » RT, or 
p*=(n/V)B>T. But n/V ~ concentration c in mols per litre, hence 
p ~cR7\ A concentration c can, therefore, be replaced by p/J&T, where 
p is the partial pressure of the gas in the mixture. The equilibrium 

constant is : Jr h 

A ~Cp*Vq ( 1 ... / CA a Cj} b ... 

••• (PA*J>B h X (RT) n ), 


where n -]> h q t ... - (a + b t ... ). If: 

K'^pjPpq* ... /2>A a V ••• 

is the equilibrium constant expressed in terms of partial pressures, this 
will be constant at a given temperature, since (R7’) n and K -K' /(R>T) n 
arc constant at a given temperature. In most calculations the use of 
concentrations is more convenient and less likely to lead to error than 
when partial pressures are used. 


Energy of activation. — Those molecules which are in a condition to 
undergo chemical change on collision {active molecules) appear to be those 
having more than the normal amount of vibrational energy corresponding 
with the temperature of the gas (sec p. I IT). To form an active molecule 
a critical increment of energy is necessary - 

Tho number of bimolocular collisions per see. in a mixture of hydrogen 
and iodine vapour can bo calculated from the kinetic theory of gases, Which 
also shows that it is proportional to (where T^abs. temperature). 
Experiment show's that the rato of reaction is much smaller than it should 
be if every collision were effective, and also increases with temperature 
much fastor than n/ 7\ The, velocity of most reactions is about doubled for 
a tm of 10°. The results are explained by assuming that the proportion of 
active molecules increases with temperature by an exponential factor 
T , where k is Boltzmann’s constant, or the gas constant per molecule* 
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k=R/N, where N is Avogadro’s number, and q is the energy of activation 
(absorbed) per molecule. Per mol, the energy of activation is 
At 556° abs. the number of molecular collisions per sec. per lit. in hydro- 
gen iodide at a concentration of 1 mol per litre is 6 x 10 84 . The measured 
rate of decomposition into hydrogen and iodine is 2 x 10 17 molecules per sec. 


no. of molecules decomposing per sec. 
no. of molecules colliding per sec. 


2x 10 17 
6x10 s 


~ e ~Ql*r 


2-3026 lo gli '^!j^= -<2/(2x556) 

.*. Q 47,420 g, ini. 

(The value of R is taken as 2 g. cal./l° per mol). This is a large value as 
compared with ordinary heats of reaction (p. 282). 



CHAPTER XIX 


ELECTROLYTE EQUILIBRIA 


The study of equilibria in electrolyte solutions includes many topics of 
outstanding importance. We may state at the outset two fundamental 
assumptions underlying the whole treatment : 

(i) Weak electrolytes obey the law of mass action in dilute solutions . 

(ii) Strong electrolytes are completely ionised and the law of mass action 
does not apply to them. 

Since most salts are strong electrolytes (p. 236) the application of the 
law of mass action to electrolytes is practically confined to weak acids 
and weak bases. 

Ionisation of weak acids and bases.— The application of the law of 
mass action to weak acids and bases was made by Ostwald in 1888. 
Let 1 mol of a weak monobasic acid HA (e.g. acetic acid) be dissolved in 
V litres and let the degree of ionisation be a : 

HA ^ H* h A' 

1 -a a a 

The concentrations an' : 


[HAHI~a)/k [H ] = a/ V [A']=a/F 
and the law of mass action gives : 


L H Ji A ']_ v 

[HA] ~(1 -ajr 

where K a is the dissociation constant of the weak acid. 

Similarly for a weak monacid base such as ammonia NH 4 OH : 


•d) 


BOH ^ B’ 4 OH' 

1 - a a a : 


[B‘] [OH'] jx' _ 
[BOHf (l-a)F 61 


•( 2 ) 


where K b is the dissociation constant of the base. Equation (1) or (2) 
is sometimes called Ostwald’s dilution law. 


The following results show that when a is calculated from the equivalent 

290 
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conductivity* a = A/Ax ♦ the equations hold very accurately for acetic acid * 
(A« » 387) and ammonia {A<» = 252) at 25° : 


V lit. - 

8 

16 

32 

64 

128 

m 

A - 

- 4*63 

6*50 

9*2 

12*9 

181 

254 

Acetic acid- 100a 

- 1*20 

1*68 

2-38 

3*33 

4*68 

6*66 

10« x K a - 

- 18*1 

17*9 

18*1 

18*0 

17*9 

18*0 

h - - 

- 3*4 

4*8 

6*7 

9-5 

13*5 

19*0 

Ammonia ■[ 100a 

- 1 35 

1 91 

2*66 

3*77 

5*36 

7*64 

(l0“x K b - 

- 23 

23 

23 

23 

24 

24 


For a weak electrolyte a is small compared with I and hence (1 - a) 
can be taken as unity in (1) and (2), giving : 

4IY-A-K ; *-jKV—jKje, ( 3 ) 

where c ~ 1 IV is the concentration. In a normal solution <x — v'A" . 

The equations often apply to weak polybasic acids , which usually 
ionise in stages and only the first stage is appreciable except at very 
high dilutions. According to Ostwald the ionisation of the first (uni- 
valent) radical HA' of a dibasic acid begins to be appreciable only after 
60 per cent of primary ionisation into H' and HA' : 

HoA^H+HA' 

HA^H+A". 

A saturated solution of hydrogen sulphide at 25° is approximately 0*1 
molar. It dissociates in two stages : 

(i) H 2 S ^ H* + HS' K x = [H ] [HS']/lH s S] = 91 x 10~». 

(ii) HS' ^ H’ + S" K % = [H*J [S"]/[HS'] = 1-2 x 10" 15 . 

Both H 4 S and HS' are very weak acids to which (1) applios, and the second 
dissociation constant is much smaller than the first. 

An empirical method of determining the basicity of an acid , B, given by 
Ostwald (1887) depends on finding the equivalent conductivities of the sodium 
or potassium salt at dilutions of 32 and 3024 lit. at 25° and using the, 
formula : 

A1024 ~ A32 — 10*8B. t ' 

The common ion effect. — The law of mass action shows that the 
ionisation of a weak electrolyte HA or BOH is depressed by adding to 
the solution a largely ionised salt (MA or BX) containing an ion A" pit;;’ 
B* present in the weak electrolyte solution. (The other ion of the salt)#? 
is supposed to have no effect.) 

By adding 0-1 mol (8-20 gm.) of solid sodium acetate CH 3 COONa to 1 lit* 
of 0-1 molar acetic acid the total acetate ion concentration is approximately 
0*1 mol/lit., since the sodium acetate is practically completely ionised j ; , 

CH 8 COONa - CH3COO' + Na\ , 

and the concentration of acetate ions from the acetic acid is . very; ^ 
small. 
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Hence [CH 3 (X)O']^01 and [CH a C00H] a 0*1, sinco the acid is only 
very slightly ionised. From (1) : 

[H']rCH 3 COO']/[OH 3 COOHj - 1-8 x 10 5 ; 

|H'] x 0-1/01 - 1-8 / 10 \ [H*]- 1*8 > 10 6 , 

and since lH’J = ac, a- 1*8/ 1 0 ~ 5 /0* 1 1-8 x 10~ 4 . In 0-1 molar acetic 

acid alone (3) gives a sf 1*8 > 10 jfi /0-l- ]-34x 10~’. Thus, adding the 
sodium acetate has redueod the degree of ionisation from 1-34 x 10~ J to 
1-8 x 10 4 . 

Ionic product of water. — Pure water is only very slightly ionised . 
H 2 O^H’ fOJF. 

The degree of ionisation can be found most accurately by the conduc- 
tivity, and at 25° [H’]-[OH'] = 10 7 mol lit. Hence the mass-action 
equation gives 

[H][OH' |'[H a O] - 1(H*[H 2 01 ~K. 

Since [H 2 0] is constant, A r [H 2 0] = const. = A" t/ „ and 

[H*][OH'] = A r w =* 10 14 , (4) 

where K w is the ionic product of water. K w increases with the tem- 
perature, and the reaction isochorc equation (p. 294), with values of K w 
at different temperatures, shows that tbc heat of ionisation of waters 
1348 k. cal. (absorbed) at 25°. This agrees with the value for the heat 
of neut/alisation (p 238), which is the heat evolved in the reverse 
reaction : H -i OH' - H 2 0. 

The ionic product of heavy water at 25° is [L)*J x [Ol)'] ^=1*95 x 10~ 15 . 
Hydrogen ion index or pH. —In all neutral solutions in water the hydro- 
gen and hydroxide ion concentrations are equal: [H‘]=[OH'], but 
since (4) is also true for all solutions (acid, alkaline or neutral) the 
hydroxide ion concentration is always given by 
[OH']=X W /[H]=-10^1HI 

at 25 c , and alkaline solutions may be regarded as having hydrogenion 
concentrations smaller than 10 7 , i.e. having larger negative exponents. 
The whole range of reaction from acid to alkaline may thus be given in 
terms of the hydrogen ion concentrations or exponents. 

Instead of the hydrogen ion concentration it is usual to give what is 
called the pH value for the solution, where 

pH= -loglH’] (5) 

Thus pH is the exponent of the hydrogen ion concentration (expressed 
as a power of 10) with the sign changed , or pH is minus the logarithm of 
tfee hydrogen ion concentration, or still again it is the logarithm of the 
dilution V lit. containing 1 mol of hydrogen ions (since [H*] = 1/F). In 
neutral solutions pH = - log 10~ 7 = 7, in acid solutions pH is less than 7, 
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and in alkaline solutions pH is greater than 7. Strictly speaking pH is 
defined in terms of the hydrogen ion activity (p. 311) rather than the 
concentration : pH = - log a u (0) 

Hydrolysis. — Salts of weak acids or weak bases or both are decom- 
posed by water with formation of free acid and free base : 

BA + HoO^BOH + HA, 

and the process, which is reversible, is called hydrolysis. Since the salt 
is practically completely ionised the equation may be written : 

R >A' + H 2 O^BOH + HA, 

and either BO FI or HA may be ionised if the base or acid is strong. 

The following cases occur : (i) the acid HA is weak and the base 
BOH is strong, (ii) the base BOH is weak and the acid HA is strong, 
(iii) both the acid HA and the base BOH are weak. 

Hydrolysis may also be regarded as duo to the withdrawal of hydrogen 
ions from water by the anion of the weak acid, leaving hydroxide ions of 
water forming an alkaline solution ; or the withdrawal of hydroxide 
ions by the cation of the* weak base, leaving hydrogen ions forming an 


acid solution : 


(H- i OH') + A' 
(H i OH') i B' ; 


HA i OH' 
BOH+H\ 


The equations for hydrolysis are found by applying the law of mass 
action to the weak acid or base, or both ; the salt, strong acid and strong 
base being assumed completely ionised. It should be noted that the 
law of mass action must not be applied to a strong electrolyte. 

(i) Weak acid and strong base : 

JB- 4 A' + H 2 0 ^ B* f OH' + HA 
A' + H 2 O^OH'4KA 

/. [OH'] [HA]/[A' ] = const. -K h , (7) 

where K h is a constant. Since the base is strong (BOH = B* -eOH'), 
[OH'] is practically equal to [base], and since the salt is assumed com- 
pletely ionised (BA = B’ + A'), [A'] is practically equal to [salt]. Hence 
(7) can be written : j^ id] [base] = R 

[unhydroiysed .salt] h ’ 
and K h the hydrolysis constant. 

The degreeof hydrolysis x is the fraction of each gm. mol. of salt hydro- 
lysed at equilibrium. For 1 gm. mol. of salt in V litres 


from (7) 


4f. 


[OH'] = [HA] -x/V and [A'] = (l -x)/V ; 

„ [OH'] [HA] (x/V) x (x/V) x* 

h [A'] (1 -a;)F = (1 -x)V' 


( 8 ) 
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xix] 


This shows that the degree of hydrolysis x increases with the dilation F. 
In the solution there are two equilibria holding simultaneously : 

H 2 0 ^ H* + OH' ; K w - [H* j fOIF] 

HA ^ H* 4 A' ; K a = [H"| [A'] /[HA] 
from (7) : 

A'. _ m [OH'] [HA] _ [OFT] JHA] 

K a ~ [H‘][A'] " [A - ] ~ Ah (y) 

:.K h =KJK a (10) 

The hydrogen ion concentration [IF] (or pH— -log |H']) is found as 
follows. If c — l/F— total salt concentration in mols/iit., then since 
[HA] =• [OH'], and = - log x where x is any number : 


[HA] [OH']/[A'] —K h = [OH'] a /c 
from (10) [OH'] 2 /c «= KJK a 

[OH'] =JcKJK~ : /. [H‘] = A„,/[OH'] - jKJKjc ; 

pH = |pA' w + ipA: o 4 4 log c (11) 


(ii) Weak base and strong acid: 

Bn-A'-t H 2 O^BOH4 A'+ff 
or B‘ i H a O^BOH + H-, 

K JJL1 l B0H J = _ Jftoidl | base] 

h [B‘] | nn hydrolysed salt] 


Also H 2 0 ^ H‘ 4 OH' : K w =[H'| [OH'] 

BOH ^ B‘ 4 OH' ; /. A„ = [ IV] | OH']/l BOH] 



.. K h — A w k b , 

(12) 

and 

7? 

! 

T 

i! 

X 

o 

« 

T 

x 

i_ t 



K x 2 



* K w 

• * a- 6 (1 --•>■) i 

(13) 

Again, 

[H ] [BOH] [H-] 2 . . , 

[H] tj 1 * * ^ ^ ^ ^ A Wi A b 



pH = ipA'u, - IpA’;, - 1 log e 

(14) 


(iii) Weak acid and weak base : 

B' 4 A' +H 2 0 4-i BOH 4 HA, 

[ BOH] | HA] * [ base] [acid] 

* [B‘][A'] [unhydrolysed salt] 2 ’ 

[BOH] =[HA] =x/V, [B‘] = [A'] — (1 -x)/V ; 

• k -WYll iMF * 2 _ . 

” {(j -x)IVY (1 -a:) 2 

In this case the degree, of hydrolysis is independent of the. dilution. 


...(15) 

V. 
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Again, 


H 2 0 ^ H‘ + OH', 
HA^H'4-A', 
BOH ^ B i OH', 


.*. K u = f H'] [OH'] 

••• A'„=|H-1[A'1/[IIA] 

K b -[H'] [OH']/[BOH] 


[BOH] | HA] K w 
" [BJIA'l" K a K b ’ 


(16) 


Also [H] = K a \ HA]/[A'| = K a = K. ~ , 

and since a;/(l - x) — jK h from (15), 

•"*. |H] = K a jK b =jKJ<JK b , 

pH = JpA w -i ipA’ 0 - JpA'* (17) 


As examples of hydrolysis we may cite potassium cyanide, a salt of 
the weak hydrocyanic acid : KCN t- H 2 0 = K* 4 OH' -f HCN, giving an 
alkaline solution smelling of hydrocyanic acid ; and aniline hydro- 
chloride, a salt of the weak base aniline, giving an acid solution contain- 
ing hydrochloric acid and free aniline. 


(i) In 0*01 molar sodium acetate solution at 25"': 

K h ~ K u ,/K a — 10 ' 14 /1 *82 x 10~ 5 " 5*5 x 10~ 10 . 


The degree of hydrolysis x is given by K h -ar 2 /(l - x)V -= x z c/( J - x) ; 

5*5 v io-16-.r* 5 \ 0 01/(1 -x) ; 2^0*000235. 

From (11): pH ~ I- IpA^ \ k log c- 7 + 2-37 -f .J( • 2) — 8*37. 

The equivalence point in the titration of acetic acid by NaOH ( i.e . when 
chemically equivalent amounts have boon mixed, e.g. 10 ml. of A r /10 acetic 
acid and 10 ml. of A T / 10 NaOH ) is not the same as the neutral point (pH --- 7), 
because the solution is alkaline from the hydrolysis of the sodium acetate, 
and in the titration a suitable indicator which changes on the alkaline side 
(pH]>7) must be used. 

(ii) In 0*2 molar ammonium chloride at 25°, from (14) : 

pH = 7 - 2-37 - J ( - 0-70) -- 4-98. ’■ 

At the equivalence point in the t itration of ammonia with hydrochloric 
acid the solution is distinctly acid (pH<7) and an indicator which changes 
colour in the acid region must be used, e.g. methyl orange or methyl red, 
but not plienolphthalein. 

Buffer solutions. — A solution containing a weak acid or base and a : 
salt of this with a strong base or acid, respectively, has the following 
properties : 

(i) it has a definite pH value determined by the ratio 
, * [acid] /[salt] or [base] /[salt] ; 

(ii) the pH value is practically unchanged by dilution ; 
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(iii) the pH value is only slightly changed by addition of a strong acid in 
the case of the weak acid mixture or of a strong base in the case of 
the weak base mixture. 

Such a solution is called a buffer solution. Examples are a mixture of 
acetic acid and sodium acetate solution, and of ammonia and ammonium 
chloride solution. 

¥to acetic acid of concentration [HAc] solid sodium acetate is added 
to concentration [NaAc] we can assume the sodium acetate completely 
ionised, [Ac'] = total NaAc concentration — [salt], the acetate ions 

from the weak acetic acid in presence of the salt being negligible. For 
the acetic acid : 

LH ] [Ac']/[HAc ]~K a 
[H‘] = A' 0 [HAc]/[Ac'j - K a ^ . 

Since the ratio [aeid]/fsalt] is practically not changed by dilution (the 
ionisation of the acid remaining practically constant), the hydrogen ion 
concentration is also constant. By taking logarithms : 

log [H'] = log K a + log . 
and putting per — - log x we find 

pH, pi. .(18, 

which is the Henderson and Hasselbalch equation. 

Suppose solid sodium acetate is added to 1 lit. of Ni 10 acetic acid to make 
the solution N 1 10 in sodium acetate. Thou [Ac'] -01, hence at 18° : 

[H’J- A a [fIAe]/[Ac']- 1-8 x 10 -5 x 01/01 - 1*8 a 10~ & 
or pH — - log (L8 v lo 4-74. 

Now add 10 ml. of A r hydrochloric, acid and neglect the volume change 
from 1000 to 1010 ml. The hydrochloric acid takes acetate ions and forms 
practically undissociated acetic acid : 

[Ac/] - 0*1 -0-01 =0*09, 

[HAc] = 0-1+ 0-01 = O il ; 

[IF] = /\ a [HAc]/[Ac'] J - 8 * 10 6 (0*1 1/0*09) -2*2 x 10~ 6 
or pH -4 *00. Hence on adding tlie strong acid the pH changes only by 
4*74 - 4*06 - 0*08 unit, 

whereas if the 10 ml. of N HOI had been added to a litre of pure water 
(pH^7) the pH would have changod to -log (0*01) = 2, i.e. by 5 units. 

A mixture of ammonia and ammonium chloride is used in qualitative 
analysis because the OH' concentration has a small value which is 
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pOH=pA r „ i log 


sufficient to precipitate hydroxides of Group III metals but not of 
Group IV metals. In this case it is easily shown that : 

[0H1=A nsaltJ ’ 

pOH = pA r & \ (19) 

since K b =|B‘] [OH']/[BOH| and [B‘J [salt]. 

Another weak acid buffer solution contains Na 2 HP0 4 and KH 2 P0 4 , 
which are practically completely ionised, so that 

[HP0 4 "J ~ [Na 2 HP0 4 ] and [H 2 P0 4 '1 ~ |KH 2 P0 4 |. * 

Also H 2 PCV ^ W i HP0 4 " 

. m ., K |H a pq;j 
•• l l_ 2 [HP0 4 "] 

where A' 2 -7*4 x 10~ 8 is the second dissociation constant of phosphoric 
acid. 

„ * j jr f . |Na 2 HP0 4 | 

Henc(‘ pH = pA 2 - log jgpo j * 

(See Partington and Stratton, Intermediate Chemical Calculations , 
Chap. XII.) 

Some simple buffer solutions are made up from the following solutions ; 
0- 1 N acetic acid, 0- 1JV hydrochloric acid, 0- IN sodium hydroxide ; 35*5 gm. 
crystalline sodium phosphate Na*HP0 4 ,12H 8 0 in 1 litre ; 


••• fH'] = K 2 


j)H = pA 2 - log 


[H*] pH (imposition of solution 

1() -3 3 142*5 ml. acetic acid 4 107*5 ml. water 

10* 4 4 2*7 gm. cryst. sodium acetate (CH 3 C00Na,3H 2 0) in 1 litre 

4- 1 litre acetic acid 

10~ 6 5 15 gm. cryst. sodium aeetato in 500 ml. 4- 500 ml. acetic acid 

10~ fl 6 300 ml. sodium phosphate + 250 ml. 0*1 A T HCl 

10~ 7 7 234 ml. sodium phosphate 4 184 ml. 0*1 A 7 HCl 

10~ 8 8 200 ml. sodium phosphate 4 9*4 ml. 01 N HCl 

10 ” 9 9 200 ml. sodium phosphate 4 10 ml. 0*1 N HCl 

10 10 10 200 ml. sodium phosphate t 0*72 ml. 0 1 N NaOH 

10" 11 11 200 ml. sodium phosphate t 7*2 ml. 0-1A 7 NaOH. 

Indicators. — According to Ostwald (1801) indicators are weak acids 
or weak bases which have different colours in the undissociated and 
dissociated states. In many cases, as Hantzsch (1908) showed, the 
coloured ion may have a different structure from the original indicator 
molecule, but this does not affect the general principle. 

Phenolphthalein is a very weak acid and is colourless when non- 
ionised. In presence of alkali a salt is formed which is largely ionised 
to give an intensely red anion : 

HPht 4- OH' =H 2 0 4 Phfc\ 
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Methyl orange is the sodium salt of a sul phonic acid and is largely 
ionised in solution. The yellow anion in presence of acids behaves as a 
weak base, attaches a hydrogen ion IT and rearranges to form a red ion 
which has opposite charges on different parts but is electrically neutral 
as a whole (a hybrid ion). In presence of alkalis this gives the yellow 
anion : 

Mo7 + hV H . Mo7i ; H . Mou 4 OH V Mo x +H 2 0. 

yellow red red yellow 

If we consider an indicator which behaves as a weak acid dissociating 
to the extent a and neglect the structure changes (which do not affect 
the final equations) we have : 

|H ] [A']/[HA]=A' 0 = IH-1 1 “ 

j)H-pA' 0 + logr— , .(20) 

l - a 

hence when a =05, pH ~p K a . 

The curves of a plotted against pH are all of the same form (Fig. 168). 
For pH less than 5 the given indicator is hardly ionised and shows no colour 
change ; the change occurs in the pH range 1 
6 to 8. The pH ranges in which various Ot 
indicators change colour are shown in Fig. 8 
169. The gaps are to be filled in with the 6 
adjoining colour, e.g. 0 plienolphthalein is 
colourless for pH<C8. Thymol blue has two 4 
colour ranges. 

When the colour range is narrow the 
indicator change is sharp. The pH value 
at which the sharpest colour change 
occurs is called the indicator exponent pT. 

This is, for methyl orange 4, for methyl red 5, and for plienolphthalein 8. 

Indicators are thus weak acids or weak bases which change colour in a 
definite pH range, and an ion of the indicator has a different colour from the 
indicator molecule. 

An example of a screened indicator is a mixture of methyl orange and 
indigo-carmine which is yellowish -green in alkaline solution and changes 
through grey at pH — 4 to violet. A universal indicator is a mixture of 
several indicators giving a range of colours for a succession of pH values. 

Choice of an indicator. — In acidimetry and alkalimetry the choice of 
indicator depends on the hydrogen-ion concentration of the resulting 
salt. If a slightly alkaline salt like sodium acetate is formed at the 
equivalence point (when equivalent amounts of acid and base are pre- 
sent ; this is not the same as the neutral point if there is hydrolysis) an 
indicator is used which shows a change of colour on the alkaline 





308 ; IKOB-GAN1C CHEMISTRY ■ (cha* 

side over a pH range including the pH value of the equivalence point, 
Phenolphthalein, which changes colour for pH about 8 to 10, is there- , 
fore used in titrating acetic acid with sodium hydroxide. If a weak 
base like ammonia is titrated with a strong acid, the resulting acid- 
reacting salt will require an indicator whicli changes colour over the 


Alizarine Yellow 
Thyraoiphthalein 
Phenolphthalein 
Thymol Blue 
Cresol Purple 
Neutral Red 
Phenol Red 
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Fia. 109. — pH intervals of indicators. 

Y —yellow. V — violot. B=blue. C - colourless. R — red. 
P 5= purple. Br — brown . O ~ orange . 


appropriate pH range on the acid side. In this case methyl red, which 
changes at pH about 4 to 6, may be used. When a neutral salt is 
formed, as in titrating a strong acid with a strong base, a slight excess 
of either solution makes a large change in pH, so that any indicator 
having a colour change between pH 3 and 10 will be satisfactory. Con- 
versely, the titration of a very weak base with a very weak acid is 
seldom possible on account of the relatively small change in pH value 
at the end-point (see p. 310). 

Titration curves. — The plots of the pH values of solutions in acid- 
alkali titrations against volume of acid or alkali added are called titration 
curves , and are important in giving the pH at the equivalence point and 
so enabling suitable Indicators to be chosen. Some of these curves are 
shown in Fig. 170 (temperature 25°). 

(1) Strong acid and, strong base . — Suppose we take 100 ml. of N HC1 and 
add x ml. of N NaOH. The un -neutralised acid is (100 - x) and the volume 
{100 + a?) ml.; .\ [H'l= (100 - x)/(100 -far). The pH- -log [H‘] values 
are : 

x - 50 75 90 98 99 99-9 

pH - 0-48 0-85 1*3 20 2*3 3-3 
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For x~ 100 (equivalence point), pH ~ 7 0, the neutral point, since the acid 
and base are strong. For x greater than 100 the solution is alkaline. E.g. 
witli x— 100*1, [OH'] - 0-1/2001 -fiOvlO- 4 ; pOH-3-3 and pH.=: 
14-0 - 3*3= 10*7, since [II ] [OH' 1 at 25" is 10~ 14 . There is a very sudden 
rise in pH as x changes from 99 0 to 100- 1 , and many suitable indicators may 
be chosen in the range 3*3 to 10*7. 

The second part of the curve is calculated from the values : 

x 1001 100-5 101 110 150 200 

pH 10*7 11*4 II- 12-7 13*3 13*5 

Similar curves may he plotted for 01 N and 0 01 N solutions, when it will 
be found that the rising part is shorter and hence there is less choice of 

pH 



indicators. Curves for 0-liV solutions are shown in Fig. 170. In this case 
[H*] = 0- 1 (100 - a:}/(100 + x) for a; < 1 00 and [OH'] = 0*1 (x - 100)/(100 + x) for 
x> 100, and it is clear that the pH values arc found by adding unity ( - log 
0*1) to the pH values of N solutions given above for .r<100, and subtracting 
unity for values of j > 100. The resulting curve is II in Fig. 170. 

(2) Weak acid and strong base. — For the titration of 100 ml. of 01 JV acetic 
acid with x ml. of 0- 1 N NaOH we find pH for the equivalence point (x — 1 00) 
by equation (11) with K a ~ 1 *82 x 10 5 and c — 0*05 : 

pH - Jp K w 4- lpK a + 1 log c = 7 4- 2*37 4 I( - 1*3) — 8*72. 

For other values of x equation (18) gives : 

pH-pA'a 4- log [salt]/ [acid] (18) 

The initial pH is found from (1) : 

[H*J [AcT/IHAc] - [H‘] 2 /0*1 1*82 x 10~ 8 ; 

/. [H-]='/T82x 10 «=l-35x 10-»; pH = 2-87. 
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When x ml. of 01 N alkali are added, [salt] = a; x 0*1/(100 -fa?), and 
[acid] = ( 100 - x) x 0* l/( 100 + x) 9 

from which pH is found from (18). The values are plotted as curve ITT (Fig. 
170). For .r> 100 it may be assumed that the excess of alkali represses the 
hydrolysis of the salt, and this part of the curve thus coincides with that of 
case (1), viz. the alkaline side of curve IT. 

x - 0 10 25 50 90 99 99-9 100 

pH 2*87 3*8 4*3 4*7 5*7 6-7 7-7 8*87 

The curves for a weak base and a strong acid ( e.g . NH 4 OH, K b -- 1*8 x 10~ B , 
and HC1) shown in IV, and for a weak acid and a weak base (e.g. acetic acid 
and ammonia) shown in TTI, are constructed in a similar way. 

Polybasic acids have separate dissociation constants for each stage of 
ionisation, e.g. phosphoric acid (tribasic) has : 

[H‘] [H 2 P0 4 ']/[H 3 P0 4 ] = K t - 8 0 x 10~ 3 , 

[IF] [HP0 4 "]/[H a P0 4 'J- K 2 = 7-4 x 10 ~ 8 , 

[H*l [P0/'']/[HP0 4 ''J - /v 3 — 4*8 x 10~ 13 . 

In such cases the titration curve is formed by superposing the curves 
plotted for each dissociation separately, provided the dissociation constants 
are well separated, since each stage of dissociation does not become appreci- 
able until the preceding stage is 

practically c< >m j >lete. 

The curve is shown in Fig. 
171, and it is seen that the end- 
points for the first two stages, 
KH 2 P0 4 and K 2 HP0 4> may be 
found with suitable indicators, 
but not the third stage (K 3 P() 4 ), 
when the liquid is strongly alka- 
line. The correct end-point for 
KH 2 P0 4 (or NaH # P0 4 ) is when 
a little orange colour remains 
with methyl orange, but the next 
drop of 0*1 N alkali (not counted) 
gives a pale yellow ; the end-point for Na 2 HP() 4 is when the last drop 
(counted) of 0*1 A r alkali gives a full rod colour with phenolphthalein. 

Strong electrolytes. — The law of mass action docs not apply to strong 
electrolytes, which are considered to be completely ionised in dilute 
solutions. In more concentrated solutions ion pairs are formed, but 
these are not true covalent molecules like those of weak electrolytes. 
Hence an equation similar to (1) does not apply to, say, potassium 


chloride, as the following figures show, 
A/A» : 

a being 

assumed to be 

given by 

c = l/Fmolsper lit. - 10 5 

10~ 3 

10" 1 

1 

a=A/Aoo - - - 0-994 

0*980 

0*862 

0*757 

It 

s. 

1 

o 

s 

0*048 

0*55 

2*36 



Fig. 171. — Titration curve for phosphoric 
acid. 
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It is now believed that a = 1 throughout and K has no meaning, since 
oc is not now given by A/A» (p. 229). 

G. N v . Lewis introduced the useful idea of the activity of a solute, this 
being a quantity a which plays the same part as the concentration c 
in ideal solutions (obeying the gas laws) and is equal to c at infinite 
dilution. Thus for a strong electrolyte giving two univalent ions : 
MA=M* + A', we may define the activities by the equation : 


a+a_=a 2 , (21) 

where , a_ are the activities of the ions, a the mean activity of the 
electrolyte. The ratio a/c is called the activity coefficient f : 


a/c=f, (22) 

which varies with the concentration of the ions ; at infinite dilution the 
value of / is unity. Hence : 

(/+«+) (/-c_)-(/<p) a , (23) 


where / is the activity coefficient of the electrolyte of concentra- 
tion c. 


The activity coefficients of the ions depend oil the total ion concentration, 
including ions of other salts present. For a solid salt in equilibrium with its 
saturated solution, the activity of the dissolved salt is constant at a given 
temperature, but it is found that the solubility c increases if another salt 
having no ions in common with the first is present in solution. Since fc is 
constant it follows that / must vary. Debye and Hiickel in 1923 showed 
that the activity coefficient of a given salt (oloctrolyte) in very dilute solu- 


tion in water at 25° is given by : 

log/- 0 ‘fc+z v7 (24) 

where T is tho ionic strength : 

A£<VV, (25) 


and dopends on the concentrations c £ and valencies of all the ions in 
solution. In (24) z. f and z„ are the valencies of the ions of the given salt 
with proper signs (z + z . is negative). 

For a completely ionised oloctrolyte giving univalent ions : 

c + — c_ — c, the total concentration ; 

7 = i2W= l(c + f e_) =!(&)-= o, 

t.e. the ionic strength is equal to the total concentration. Hence the activity 
coefficient of OOliV KC1 at 25 1 ’ is given by : 

log / - 0 I 
= - 0-5V001 
= - 0 05= - 1 1 0-95 ; 

/-antilog ( 1 * 95 ) — 0 * 891 . 
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For completely ionised barium chloride in 0-01 molar solution at 25° 
(Ba‘ ‘ + 2C1'), c + = c, c_ = 2c, z + ±= 2, z_ = - 1 ; 

/. J = |[2*c + (- l) 2 2c] = 3c = 0 03, 

0*173, 

log/=0*5z + zWl = 0*5x2x(-l)x0*173= -0*173 
= 1-827, 

~ antilog T-827 = 0*67. 

Solubility product. — In a very dilute solution of a strong electrolyte 
BA in pure water the substance is assumed to be completely ionised : 
BA = B*+A', and if $ 0 is the solubility of BA in gm. mol. per litre, 
^-[B-WA f ] 0 , i.e. S 0 is equal to each separate ion concentration. 
The ionic concentration product is : 

[B-] 0 x[A'l 0 =S 0 *=K, (25) 

where K 8 is called the solubility product ; for any solute and solvent it 
depends on the temperature. 

If another electrolyte CA, having an ion A in common with the first, 
is added to the saturated solution of BA, the solubility product principle 
states that the ionic concentration product of BA still has the same 
value : 

[B*] x [A'] = [B*] 0 x [A'] 0 ==$ 0 2 (26) 

Since [A 7 ] has increased, fB ] must have decreased, and the only way 
in which this can have happened is by some BA going out of solution. 
Hence the solubility of BA has been reduced to 8> less than 8 0 . Since 
the values of [A 7 ] and S 0 are known, the value of [B*J may be calculated, 
and as [B’j is equal to the total concentration 8 of completely ionised 
BA, the value of 8 can be calculated. 

For an electrolyte B^A^ giving p positive ions and q negative ions, 
the solubility product is : 

[ B'] p X [Ay = const. - 8 0 p+ «. 

If to a saturated solution of silver acetate, (a) concentrated silver 
nitrate, (b) saturated sodium acetate, solutions are added, then in both 
cases silver acetate is precipitated. 

Some values of the solubility product for sparingly soluble electrolytes at * 
25° are given below. 

[Ag‘] [Cl'] 1-2 x 10- 1 * [Ca**] [0,0/'] 3-8 x 10- • "*• 

[Ag*] [Br'j 3*5 x 10~ 13 [Ba"] [SO/'] 1-2 x 10~ l ° 

[Ag*][I'] 1*7 x 10" 16 [Cu*l [I'] 2*6 x lO" 1 * 

[Ca**] [CO,"] 7*2 x 10~* [Pb**] [CrO/'] 1-8 x 10~“ 

[Ca”] [SO/'] 2*3 x 10-< LPb”J [SO/'J 2-3 x 10~» 
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xtx] , 

[M n”] IB"] 
{Fe*‘ ] fS"] 
[Zn”][S"] 
[Pb- J [S"J 
tHg”][S"] 


14 x 10~ 16 
1 *5 x 10* 19 
10x 10 20 
5-Ox 10- 29 
4-Ox 10 ~ 82 


[Fo” ] [OH'] 8 
[Fe'-][OH'] 3 
[Mg** ] [oirp 
[Mil”] [OH'] a 
[Ni” ] [OH'] 2 


1*6 x 10~ 14 
1*1 x 10~ 36 
2*5 x 10~ 18 
4*0 x 10-“ 
8-7 x 10~ 19 


Example 1. — Calculate the solubility of silver chloride at 25° if the solu- 
bility product is 1*2 x 10 10 . Since the solubility is small, the silver chloride 
is almost completely ionised, hence if the solubility is S gm. mols. per lit. 

[Ag’J - [Cl']-~$ ; .\ W=-K s ; 

S~ •d K s — Vi*2 x 10~ l ° = 1 095 x 10 _£> gm. mols. per lit. 

Example 2. — Solid silver chloride is shaken with 1 lit. of sodium chloride 
solution containing 3 gm. of the salt. If the solubility product of AgCl at 
the temperature of the experiment is 9 x 10 -11 and the NaCl is completely 
ionised, how many gm. of AgCl will dissolve? 

3 gm. of NaCl — 3/58*5 — 5*13 x 10 2 gm. mols. ; 

[Cl'] from NaCl = 5- 13 x 10 “ 2 gm. mols. /lit. 

Let x gm. mols. of AgCl dissolve. This forms x gm. mols. of Ag* and Cl', 
since if is assumed completely ionisod. Hence in the solution [Ag‘] = a? 
and [(;i']^-5*13x |()- 2 -(-r ; \ x(x + 543 x 10~ 2 ) ^=K S ~= 9 x 10" 11 . Since 

x 2 maybe neglected in comparison with x, 5*13 x 10~ 2 .r = 9 x 10~ 11 , 
x--~ 1*75 x 10 -9 gm. mols. /lit., or 

1*75 x 1 0“ 9 x 143-38 — 2*5 x 10~ 7 gm./lit. 

In very dilute solutions the solubility product principle gives satis- 
factory results, as is seen from the following ligures (concentrations in 
gm. mols. per litre) for silver nitrite. 


ic. of AgN() 3 
or KNG 9 

Solubility of AeNO. 

AgNO, 

in presonce of 

KNO a 

Solubility 

(filed. 

0 

0-0269 

0-0269 

0-0269 

0*00258 

0*0260 

0*0259 

0*0257 

0-00588 

0*0244 

0-0249 

0*0241 

0-02355 

0*0192 

0-0203 

0*0176 


In such dilute solutions the activity coefficients are practically unity, 
so that the principle (which holds strictly only for activities) will hold 
very closely for concentrations : 

A + j> aj = . cj fj ~ c+ v cj = const. 

Precipitation of sulphides. — An important application of the solubility 
product principle is in the jwempitation of sulphide# of metals in quali- 
tative analysis. 
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A saturated solution of hydrogen sulphide at 25° is about (H molar. The 
first and second dissociation constants (p. 310) are : 

[H*] rHS']/[H,S]--= 9 1 x JO" 8 and [H*] [8"]/LHS'] = 1*2 x 10”» 

With [H 2 S] = 0*1 and [H*] — [HS'] (neglecting the very small ionisation of 
HS'), 

[H-] [US'] V9*l x 10~ 8 x 0-1 - 9-5 x 10 s , 

hence [S"]- 1-2 x 10 15 x 9-5 x 10~ 6 /9-5 x 10 6 ^ 1*2 x 

In 0*25 molar HC1 (assumed completely dissociated) the solubility of H 2 S is 
approximately the samo as in water, but the ion concentrations are much 
reduced. We now have fH*] — 0-25, 

[HS']-- 91 x 10 8 [H 2 S]/[H’] — 9-1 x 10~ 8 x 0-1/0*25= 3*6 x 10~ 8 
and [S"]= 1*2 x 10 15 [HS']/[in - 1 -2 x lO" 18 x 3-6 v 10- 8 /0-25=-- 1-7 x 10~ 22 . 

The solubility product of ZnS is HI x 10~ 20 ; in 0*1 molar solut ion of a 
zinc salt (assumed completely ionised) in a saturated solution of hydrogen 
sulphide in water |Zti’*] x [S"J — 0- 1 x 1 *2 x 10~ 16 -- 1*2 x 10** 1 ®. This is 
greater than the solubility product, hence some ZnS is precipitated. The 
precipitation is incomplete, because the hydrogen ions formed by the re- 
action Zn“ f H 2 S =. ZnS 4- 211* accumulate in the solution and reduce the 
value of the sulphide ion concentration [S"J by mass act ion to a value lower 
than corresponds with the solubility product [Zn”J / fS"] — 1*0 x 10~ 20 . 
In a solution of H 2 S in 0-25 molar HO, the sulphide ion concentration is 
[S"] = 1*7 x 10~ 22 , and if the solution is molar in zinc ion concentration, 

[Zn'*]x[S"]=r0-l > 1*7 x 10~ 22 — 1 *7 x 10 23 , 

which is below the solubility product value, and hence zinc sulphide is not 
precipitated. 

The solubility products of OuS, HgS, PbS, and CdS are all much 
smaller than 10“ 23 , hence these are precipitated in the acid solution. 
If sodium acetate is added, or if ammonium sulphide in alkaline solution 
is used as a precipitant, the value of [H ] is kept low, hence [S"j in- 
creases and the solubility products of ZnS, MnS, etc., are exceeded, and 
these sulphides are precipitated. 

The solubility of metal sulphides, etc. in acids may be explained on 
similar grounds. 

A trace of sulphide is soluble in water and ionises, e.g. FeS — Fe‘* + S", 
and its sulphide ion S" combines with the hydrogen ions of the acid to form 
the weakly ionised hydrogen sulphide : S" + 2H* ^H 2 S. Then more sul- 
phide dissolves. If it is one of the more soluble sulphides (ZnS, MnS, FeS) 
its solubility product is not exceeded even in acid saturated with H a S 
(giving the maximum 8" ion concentration), so that hydrogen sulphide gas 
escapes and the sulphide dissolves as long as acid is presont in excess. 
With very slightly soluble sulphides (PbS, CuS, HgS) the solubility product 
is exceeded before the solution is saturated with H 8 S, and the sulphide is 
not dissolved. 
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Complex ions. — Silver chloride dissolves in ammonia to form the 
complex ion Ag(NH 3 ) 2 ‘, and silver cyanide dissolves in alkali cyanide 
solution to form the complex ion Ag(CN) 2 '. A complex ion is formed by 
the combination of a simple ion with neutral molecules or other ions of 
opposite charge. The stability of complex ions varies a good deal 
according to their character. The complex ion Ag(CN) 2 ' is slightly 
dissociated : Ag(CN) 2 ' ^ Ag* + 20N', but the Ag’ ion concentration is so 
small that it is not precipitated by chlorides as silver chloride (solubility 
product of AgCl = [Ag‘] x [GT] - 1*2 x It) 10 ), although it is precipitated 
as silver sulphide by alkali sulphides (solubility product of Ag 2 K = 
[Ag'J 2 x [S"J - Mix lO" 49 ). 

In the separation of copper and cadmium, hydrogen sulphide is passed 
into a solution containing Cu(( 1 N) 4 ,,/ and Cd(CN)/' in presence of a small 
oxcess of alkali cyanide. The cuprous ion concentration from the 
Cu(CN) 4 "' : 

Cu(CN) 4 //, ^Cu*4-4CN' 


is too small to exceed the solubility product of Cu 2 S, but the cadmium ion 
concentration from the less stable Cd(CN) 4 " : 

Cd(CN ) 4 " Od” + 4CN', 


is large enough to exceed the solubility product of CdS and this is pre- 
cipitated (see the full calculation in Partington anti Stratton, Intermediate 
Chemical ('adulations. Chap. XI 1). 

The dissociation constants of the complex ions are : 


Cu(CN) 4 "' Cu* + 4CN', 
Cd(CN) 4 " Cd*’ + 4CN', 


[Cu*] [GNT 

[cu(cs)r] 

[Od”] [CN'J 4 

LCd(CN)"] 


— 5*0 x 10~ 2f 


— 1*4 x 10 l7 , 


the first complex ion being much more stable than the second. 

Methods used for the detection of complex ions and in some eases the 
determination of their formulae include : 

(1) Abnormal solubilities . — Silver cyanide dissolves in potassium cyanide 
solution and the composition of saturation is approximately AgCN : KCN, 
hence the complex ion is probably Ag(CN) 2 '. 

(2) Distribution coefficient . — Ammonia is extracted from water solution 
by chloroform, and from the composition of the chloroform layer and the 
distribution coefficient (p. <><>) the NH a concentration in the water is found. 
Cupric hydroxide dissolves in ammonia to form a deep blue solution, and 
from the distribution ratio with chloroform the concentration of free 
ammonia in tho solution is calculated. The remainder is combined with 
the copper, and thence the composition of the complex ion is calculated 
as€u(NH 3 ) 4 *. 

(3) The freezing-point depression gives the total number of particles, ions 
and molecules, in a solution. On adding iodine to potassium iodide solu- 
tion the freezing point is unchanged, hence the reaction is 

K' + I' + /il* ~ K‘ f KnI,)'. 
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Method (2) shows that n = 1 and the ion is I 3 '. Similarly the aluminate 
ion is found to be AlO/ : Al(OH) s + OH' = AlO,' + 2H,0. 

(4) Abnormal transport numbers (p. 234) indicate the formation of complex 
anions from metal cations, e.g. in concentrated OdI 2 solution part of the 
oadmium travels to the anode, because the ion Cdl," is present. 

(6) Conductivity changes indicate the incroaso or decrease of the number 
of ioas in solution and sometimes tho formation of complex ions can be 
detected. 

(6) Electromotive force measurements will sometimes decide the formula 
of a complex ion M (r A r ^ </M+ + rA~ by measurement of the metal ion con- 
centration [M *■] from electrode potentials (p. 799), and variation of the 
concentration of tho solution and of the concentration of a salt with a 
common ion A . This method lias been used with complex cyanides. 



CHAPTER XX 


THE HALOGENS 

The elements fluorine, chlorine, bromine, and iodine form a group 
called the halogen elements or halogens (from the Greek hals, salt). Chlorine 
and its compounds have been dealt with ; in the present chapter the 
other three halogens are described, fluorine (although it has the smallest 
atomic weight) last, since it differs in many ways from the other elements 
of the group. At the ordinary temperature fluorine and chlorine are 
gases, bromine a liquid, and iodine a solid. 

Bromine 

History. — Bromine was discovered by Balard in 1825 (published in 1826) 
in tho residues from the manufacture of salt from soa water. Those liquors 
are known as bittern and contain magnesium bromide MgBr 2 . When treated 
with chlorine a yellow colour is produced due to liberation of free bromine ; 

MgBr 2 4 Cl 2 =. MgCl 2 -f Br 2 . 

Bromino was recognised as an element of the same character as chlorine and 
its discovery was further evidence in favour of tho elementary nature of the 
latter. The free element is a dark -red heavy liquid giving a red vapour with 
a most irritating odour, hence its name (from the Greek, brornos, a stench). 

Occurrence. — Bromine occurs in the rare mineral brormrgyrite AgBr. 
Magnesium and alkali metal bromides occur in sea water, in some 
mineral springs, in the Dead Sea and the Great Salt Lake (Utah), and in 
the Stassfurt salt deposits. Most of the bromine made commercially 
is now obtained from sea water : average sea-water contains 0*015 per 
cent of bromine, but the Dead Sea and the Great Salt Lake of Utah 
contain considerable quantities of bromides, trace/* of which also occur 
in the Northwich brine. Bromine in combination is found in sea 
animals and plants ; the ancient Tyrian purple, obtained from a shell- 
fish, consists of a dibromo-indigo. 

Preparation, — Bromine can be obtained in the laboratory by heating 
potassium bromide with diluted sulphuric acid and manganese dioxide 
< in a retort : 

2KBr + Mn0 2 + 3H 2 S0 4 = Br 2 + 2KHS0 4 + MnSO* 4- 2H a O. 

2-5 gm. of powdered KBr, mixed with 7 gm. of MnO a , are distilled in a 
retort with 15 ml. of H 2 S0 4 mixed with 90 ml. of water. The red bromine 
, 317 
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vapour is condensed in a little water in the receiver. A red solution of 
bromine (bromine water) is formed, and a little nearly black liquid bromine 
settles out. The vapour acts violently on the mucous membranes, so that 
experiments with bromine should be carried out in a good draught. It also 
corrodes cork and indiarubber. The liquid should be kept in a well- 
Bromide stoppered bottle. It corrodes the skin, which 

should at once be washed with petroleum if 
it comes in contact with bromine. The vapour 
attacks the eyes powerfully and the element 
is poisonous. 

Bromine is prepared technically from the 
Stassfurt or other bromides by passing chlorine 
and steam into the solution in a tower 
packed with pieces of porcelain (Fig. 172) : 

MgBr 2 + Ci 2 = MgCl 2 + Br 2 . 

The bromine vapour is condensed by cooling 
and any passing on is caught by passing 
through moist iron filings, when a solution of 
iron bromide is formed, which is used in the 
preparation of potassium bromide (p. 323). 

Bromine is extracted in America (Wilmington 
N.(k, etc.) from sea water, which is acidified 

|.arati'on ^ brom“no ,,r0 ' and chlorinated. The bromine vapour blown 
out by a current of air is absorbed in alkali 
and u mixture of bromate and bromide is formed : 

3Br 2 + (JNaOH - NaBrO, + 5NaBr + 3U 2 (). 

This is acidified, when bromine is liberated : 

NaBrO 3 + 5NaBr + 3H 2 S0 4 3Na 2 S0 4 + 3Br 2 f 3H 2 0. 

To obtain 1 lb. of bromine 1 800 gallons of sea water are treated. Most of 
the bromine is used in making ethylene dibromide (C 2 H 4 + Br 2 — C 2 H 4 Br 2 ) 
for ethyl petrol ” containing lead tetraethyl. Some is used in making 
dyes, in gold extraction, and in making bromides for medicinal use. 
Bromine is used to some extent as a disinfectant, absorbed in sticks 
of diatomic brick : the product (75 per cent- Br 2 ) is called solid bromine. 

Bromine may be purified by careful distillation. Chlorine is removed 
by distillation over potassium bromide : 

2KBr + Cl 2 - 2KC1 + Br 2 . 

Iodine is removed as a precipitate of cuprous iodide by adding a 
solution of copper sulphate and sodium sulphite to a solution of impure 
alkali bromide : 

2CuS0 4 + Na 2 S0 3 + 2KI + H 2 0 - Na 2 S0 4 + H 2 S0 4 + 2CuI + K 2 S0 4 . 

Sulphuric and hydrobromic acids are removed by allowing the bromine 
to stand over quicklime and anhydrous calcium bromide, and distilling. 
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Scott’s preparation of pure hydrobromic acid (p. 322) is a good method 
of obtaining a pure bromine compound. 

Properties. — Bromine is a dark red (almost black) liquid of high 
density (3*188 at 0° and 3- 119 at 20°), which at room temperature 
evolves a red poisonous vapour of most irritating odour. Tt freezes to a 
dark red solid, m.pt. -7*3°; at -252° this is orange; the boiling 
point is 58*80°. The vapour density at 228° corresponds with the 
formula Br 2 . At 1050° 6*3 per cent dissociation into atoms occurs : 
Br 2 ^2Br. The stability of the halogen molecule decreases with 
increasing atomic weight ; F 2 is very stable, Cl 2 is 0*0025 per cent, 
Br 2 0*3 per cent, and I 2 2*88 per cent dissociated at 1000° abs. 

Bromine combines directly with many elements forming bromides. 
The reactions are usually more vigorous than those between the same 
elements and chlorine gas, but the bromine is in the liquid state, i.e. 
more highly concentrated. 

Five ml. of bromine are poured into a test-glass standing inside a bell- jar 
over a draught-hole in the bench. The top of the jar is closed by a glass 
plate. A small pioco of white phosphorus thrown into the liquid causes an 
explosion and is projected from the liquid. Red phosphorus burns quietly 
with a dull red flame forming yellow fumes of the pentabromide PBr 5 . 
Powdered arsenic burns with a reddish-white flame, forming fumes of 
AsBr 3 . A small piece of potassium combines explosively forming KBr. 
Sodium does not combine with bromine unless heated to 200° in the vapour, 
or when water is added. 

Bromine vapour bleaches moist litmus paper, but more slowly than 
chlorine. Starch- paste is coloured orange-yellow by bromine. In 
water, 3*6 parts of bromine dissolve in 100 at 20° ; the solubility de- 
creases with rise of temperature. The red solution loses bromine on 
exposure to air. The freezing point shows that the bromine molecule 
in solution is Br 2 . Bromine water is stable in the dark but decomposes 
in bright sunlight: 2Br 2 +2H a O = 4HBr + 0 2 . if saturated bromine 
water is cooled in a freezing mixture in presence of bromine, red solid 
bromine hydrate Br 2 ,8H 2 0 separates. This decomposes at 6*2° into 
bromine water and bromine. 

Chloroform, benzene, and carbon disulphide extract bromine from 
its solution in w r ater, forming orange-red liquids. 

Add a little chlorine water to a solution of KBr and shake with chloro- 
form. The latter separates, containing most of the bromine as a red solution. 
Shake this w T ith sodium hydroxide solution. The chloroform becomes 
colourless and the aqueous layer contains sodium bromide and hypobromite : 

Br 2 h 2NaOH - NaBr + NaOBr + H*0. 

Hydrogen bromide. — Bromine vapour combines with hydrogen when 
the mixture is passed over heated platinum : H 2 f Br 2 ^2HBr. The 
combination is not attended with explosion (as in the case of hydrogen 
and chlorine) and does not begin in the absence of a catalyst, even in 
bright sunlight, below 300°. In presence of platinum, combination 
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begins at 200°, The heat of formation of HBr from gaseous Br 2 is only 
11 k. cal. per gm. mol. as compared with 22 k. cal. with HC1. 

Pure dry hydrogen is passed slowly through dry bromine in a bubbler, at 
35°~40°, whom a mixture of hydrogen and bromine vapour is formed. This 
is passed through a hard glass tube containing platinised asbestos. When 
the air is displaced, the tube is heated to about 200°, when reaction proceeds, 
usually without further boating. To remove unconverted bromine vapour 
(present only when a rapid stream of gas is used) the gas is passed through a 
tube packed with solid ferrous bromide, and it is then passed through one 
or niore tubes containing fused calcium bromide in order to dry it. Tf pure 
hydrogen bromide is required the gas is condensed by cooling in liquid air, 
when the excess of hydrogen passes on and solid hydrogen bromide is ob- 
tained. This process ( a modification of that used by Baxter, 1 93 1 ) is superior 
to the use of an electrically heated platinum spiral. Phosphorus pentoxide 
reacts slowly with hydrogen bromide, some POBr 3 being formed : 

2PA + 3HBr = POBr s + 3HPC)*. 

Calcium chloride is a satisfactory drying agent for most purposes. 

Hydrogen bromide is usually prepared by dropping bromine on a 
mixture of red phosphorus and water. Phosphorus tribroniide and 
pentabromidc are probably first formed, and at once decomposed by 

water PBr 3 + 3H 2 0 - H 3 P0 3 (phosphorous acid) 4 3HBr, 

PBr & -t 4H 2 0 = H.jP 0 4 (phosphoric acid) + 5HBr. 

Twenty gm. of red phosphorus and 40 ml. of water are placed in a flask, 
and 40 ml. of bromine are added drop by drop from a tap funnel (Fig. 173). 



Fio. 173. — Preparation of hydrogon bromide. 


The gas is passed through a U-tube loosely filled with broken glass smeared 
: - with moist rod phosphorus. This removes unchanged bromine vapour. 
^The addition of the first few drops of bromine is attended by lambent green 
flames, but when the air is displaced these are not formed. At the end of the 
&|reaction the flask is gently heated. The gas is collected by downward dis« ; 

'^placement in a dry jar covered &ith a perforated glass plate or cardboard 

' \ ' 



, ' ' r: , * $ .• ' ■ .«<*•.* ' ; I 

xx] ^ HYDROGEN BROMIDE 321 

disc. It may be collected over mercury: The gas fumes strongly in moist 
air and (like HCl and HI) has an irritating' acid smell. 

Hydrogen bromide may bo obtained by tho action of bromine on benzene 
in presenceof aluminium : C 6 H 6 -f 2Br a = C 6 H 4 Br 2 (dibromobenzene) 4 2HBr. 

, The method of beating a salt with concentrated sulphuric acid which 
was used for the preparation of hydrochloric acid is not suitable for the 
preparation of hydrobrornic acid. This is first liberated but (unlike 
hydrochloric acid) it can act as a reducing agent. It reduces the hot 
concentrated sulphuric acid to sulphur dioxide and the hydrobrornic 
acid evolved is mixed with sulphur dioxide and bromine vapour : 

KBr 4 H 2 S0 4 =KHS0 4 4- HBr 
2HBr 4 R 2 S0 4 = 2H 2 0 + S0 2 + Br 2 . 

When syrupy phosphoric acid is heated with the bromide, however, 
only hydrobrornic acid is evolved : 

H a ?0 4 + 2NaBr =Na 2 HP0 4 4- 2HBr. 

The physical properties of hydrogen bromide are as follows : 

Melting point - 86*9°. Normal density 3-644 gm. per lit. 

Boiling point -66*7°. Density of liquid at b. pt. 2*160. 

Critical temperature + 80-8°. 

Hydrogen bromide is decomposed when passed over heated platinum 
and a state of equilibrium is set up : 2HBr^H 2 +Br 2 . An excess of 
hydrogen is used in preparing hydrogen bromide (see above), when 
combination is nearly complete. 

The thermal dissociation of hydrogen bromide is given below, in 
percentages. The dissociation of hydrogen bromide by heat is greater 
than that of hydrogen chloride but less than that of hydrogen iodide. 

<°C. .... 727 1108 1220 

per cent decomp, of HBr - 0*18 0*84 1*15 

The composition of hydrogen bromide may be demonstrated by the 
action of sodium amalgam on the gas, as with hydrogen chloride (p. 212). 
Half the volume of hydrogen remains, hence the hydrogen bromide 
molecule contains half a molecule or one atom of hydrogen and the 
formula is HBr r . The density shows that the molecular weight is 81, 
hence one atom of bromine (Br = 80) is present and the formula is HBr. 

Hydrogen bromide is very soluble in water ; l vol. of water dissolves 
600 vols. of the gas at 0°. The solution is a strong acid : HBr H* + Br'. 
Concentrated hydrobrornic acid fumes in moist air. On distillation it 
forms an acid of maximum boiling point, the composition varying with 
the pressure ; it is not a definite hydrate. The boiling point under 
760 mm. is 126° (47*5 per cent HBr), under 1952 mm. it is 153° (46-3 
per cent HBr). The solution saturated at 0° contains 69, that at 26°, 
66 per cent of HBr. 

If D*2 gm. of stannous chloride and 3*4 ml. of sulphuric acid are added to 
:\'2|5 ml. of a solution of 15 gin. of KBr and the mixture distilled, a solution of 
£ hydrobrornic acid free from bromine is obtained. 
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Aqueous hydrobromic acid may be prepared by passing the gas into 
water through an inverted retort, as shown in Fig. 1 74. If liquid is 
driven back, it collects in the bulb of the retort. 


A solution of the acid is also prepared by passing hydrogen sulphide 
or sulphur dioxide into bromine covered with a layer of water. The 
second method gives almost pure hydrobromic 
acid (Scott, 1900). 

Br 2 + H 2 S = 2HBr + S 
S0 2 + Br 2 + 2H 2 0 ^ H 2 S0 4 + 2HBr. 

Three hundred and fifty ml. of bromine are 
covered with 2 litres of water in a flask, and a 
current of S0 2 from a siphon of liquid passed into 
the water, tl trough a tube ending just- above the 
surface of the bromine, until the whole is con- 
verted into a pale-yellow homogeneous liquid, 
Fig. 174. — Preparation which is distilled. The liquid is redistilled over 
of aqueous hydrobromic BaBr 2 to remove sulphuric acid carried over in 
ac ^- the first distillation. 



The solid hydrates HBr,2H 2 0, ra. pt. -11*2°, HBr,3H 2 0, m. pt. 
-47*5°, and HBr,4H 2 0, m. pt. -55*8°, arc formed on cooling very con- 
centrated solutions. 

Aqueous hydrobromic acid is slowly decomposed by oxygen in sun- 
light, becoming yellow from liberation of bromine : 4HBr + 0 2 ^--2H 2 0 
+ 2Br 2 . A mixture of dry hydrogen bromide gas and oxygen is not de- 
composed on exposure to light. The gas or solution is decomposed by 
chlorine : 

2HBr + Cl 2 = 2HC1 + Br 2 . 

Bromides. — Hydrobromic acid solution dissolves zinc, iron, and many 
other metals (copper in a hot concentrated solution) with evolution of 
hydrogen, forming bromides, which may also be obtained by neutral- 
ising the acid with oxides, hydroxides, or carbonates, and by the direct 
union of metals with bromine. 

The alkali bromides are obtained by dissolving bromine in a solution 
of alkali : 

3Br 2 4 6K0H - 5KBr + K BrO, + 3H 2 0, 

evaporating, and heating strongly to decompose the bromate. The 
residue on evaporation may be mixed with powdered charcoal and 
heated, when the bromate is reduced at a lower temperature : 

2KBr0 3 = 2KBr + 30 2 1 

KBr0 3 + 3C-KBr+3C0. . 

4f 

The mass is warmed with water, filtered from excess of charcoal, and 
crystallised by evaporation. 

Ammonium bromide free from bromate is obtained by the action of 
bromine on cooled ammonia solution : 

3Br 2 + 8NH 3 « 6NH 4 Br + N a . 
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In the manufacture of bromine, a solution of ferrous and ferric 
bromides is obtained (p. 318). When this is mixed with a solution of 
potassium carbonate, a precipitate of hydrated ferrosoferric oxide (which 
is easily filtered) and a solution of potassium bromide are formed : 

2FeBr 3 + FeBr 2 + 4K 2 C0 3 - SKBr + Fe 3 0 4 + 4C0 2 . 

Nearly all bromides are soluble in water, but silver, lead, cuprous, and 
mercurous bromides only very sparingly. Silver nitrate solution gives a 
yellowish-white precipitate of AgBr, insoluble in dilute nitric acid and 
sparingly soluble in dilute ammonia (cf. AgCl and Agl). Palladium 
nitrate gives a reddish-brown precipitate of palladous bromide PdBr 2 . 
The formation of free bromine, soluble in chloroform with a red colour, 
by the action of chlorine water, and the formation of red bromine vapour 
when the substance is heated with MnO a and H 2 S0 4 , are also charac- 
teristic reactions. 

Oxides of bromine. — Br a O is said to be formed in small amounts by 
passing bromine vapour over precipitated mercuric oxide (cf. C1 2 0). 
An oxide Br 3 0 8 is formed as a white crystalline solid by the action of 
pure (100 per cent) ozone on purified bromine vapour at -5° to + 10° 
under low pressure (Sehumaeher and Ivewis, 1020). It exists in two 
modifications with a transition point at -35°. The oxide Br 3 0 8 is 
stable at - 80°, but unless the mat erials for its preparat ion are very pure 
and the apparatus very clean, an explosion results. Another oxide BrG 2 
is said to be* formed as a yellow solid, stable below 0°, by the action of an 
electric discharge on a mixture of bromine vapour and excess of oxygen 
in a strongly cooled tube (Schwarz and Schumacher, 1937). 

Hypobromous acid. — By shaking bromine water with precipitated 
mercuric oxide a solution of hypobromous acid and an insoluble 
oxybromide of mercury are formed : 

2Br 2 + 2HgO t H 2 0-2HGBr + HgBr 2 , HgO. 

By adding more bromine and mercuric oxide, a solution containing 
6 per cent of HOBr may be obtained, which may be distilled in a 
vacuum at 40°. It is a straw-yellow liquid, decomposing when heated 
with production of bromine and bromic acid, and is a powerful oxidising 
and bleaching agent. 

A solution of hypobromous acid is formed by the action of bromine 
on concentrated silver nitrate solution and distillation : 

Br 2 AgN0 3 + H 2 0 = HOBr + HNO, + AgBr. 

If bromine is dissolved in excess of cold alkali hydroxide solution, an 
unstable hypobromite is formed: Br 2 + 2NaOH — NaBr -fNaOBr fH 2 0. 
These are used as oxidising agents and in the estimation of hydrogen 
peroxide and of urea. On keeping, the solutions decompose with 
formation of bromide and bromate : 3NaOBr-2NaBr + NaBrG 3 . 
Bromine vapour is absorbed by dry slaked lime, forming a red powder 
similar to bleaching powder. This, when distilled with dilute nitric 
acid, gives a solution of hypobromous acid. 

Bromous acid HBr0 2 is unknown, but bromites arc formed in solution by 
the spontaneous decomposition of hypobromites : 2BrO' -- BrO a ' + Br'. 
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They rapidly decompose: 3Br0 2 ' — 2Rr0 3 / 4- Br\ Bromites only slowly 
decompose urea, ammonia, or phenol (distinction from hypobromites), but 
oxidise arsenites to arsenates (distinction from bromates). 

Bromic acid. — When bromine in slight excess is dissolved in ho#; 
concentrated alkali hydroxide solution, a bromate and bromide are 
formed : 

3Br 2 + 6KOH - KBrO :1 + 5KBr + 3H 2 0. 

Potassium bromate is much less soluble than the bromide and separates 
in crystals on cooling, as in the case of the chlorate. Potassium bromate 
also separates when bromine vapour is passed into a solution 
of potassium carbonate which has been saturated with chlorine : 
6KOC1 + Br 2 - 2KBr() 3 + 4KC1 + Cl 2 . 

Potassium bromate is formed by passing chlorine into an alkaline 
bromide solution : KBr + 6KOH f 3C1 2 =• K Br0 3 + fiKCl + 3H 2 0. 

When silver nitrate is added to a solution of potassium bromate 
white silver bromate AgBr() 3 is precipitated. When this is shaken with 
bromine water, insoluble silver bromide is formed and the filtered 
solution contains bromic acid: 

5 AgBrO a + 3 Br 2 + 3H 2 0 = 5 AgBr ! 6HBr0 3 . 

By evaporation on a water- hath a f> per cent solution, and by con- 
centration in a vacuum desiccator a colourless 50 per cent solution, 
may be obtained, but more concentrated solutions evolve bromine and 
oxygen : 

4HBr0 3 * 2Br 2 f 50 2 + 2U 2 0. 

Bromic acid is a powerful oxidising agent : 

2HBr0 3 f 5S0 8 + 4H.,0 - Br 2 + 5H 2 S0 4 
2HBr0 3 + 5H 2 8 - Br 2 * 6H 2 0 + 58 
HBr0 3 + 5HBr - 3 Br 2 + 3H 2 0. 

Barium bromate Ba(Br0 3 ) 2 is precipitated when bromine is added 
in slight excess to hot concentrated baryta water : 

6Br 2 + 6Ba(OH) 2 = Ba(Br0 3 ) 2 + 5BaBr 2 + 6H 2 0. 

The bromide is soluble and remains in solution. If barium bromate is 
digested with dilute sulphuric acid, and the excess removed by baryta 
water, the filtered solution contains bromic acid. 

Bromates are usually sparingly soluble. On heating they decompose ; 
perbromates are not formed and are not known : 

1. KBr0 3 , Hg 2 (Br0 3 ) 2 , and AgBr0 3 , give bromide + oxygen , 

2. Mg(Br0 3 ) 2 , Zn(Br0 3 ) 2 , A!(Br0 3 ) 3 , give oxide + bromine + oxygen ; 

3. Pb(Br0 3 ) 2 and Cu(Br0 3 ) 2 give oxide and bromide. 

A mixture of NaBr0 3 + 5NaBr is prepared by saturating concentrated 
sodium hydroxide solution with bromine, and draining the separated 
crystals. To these sufficient NaBrO s , prepared by electrolytic oxidation 
of NaBr, is added to form NaBrO a \ 2NaBr, and the mixture is used under 
the name of bromine salt in the extraction of gold. 
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Bromine chloride. — Chlorine merely dissolves in liquid bromine and no 
compound has been obtained in the pure state, although BrCl aj) pears from 
spectroscopic evidence to exist to some extent in a mixture of chlorine and 
.bromine vapour. 

' ' N K 

History. - Iodine was discovered by Gourtois in i S 1 1 in the mother liquor 
from the manufacture of soda from kelp (burnt seaweed), but was tirst care- 
fully investigated by Davy and by Gay-Lussac in LSI 3. They recognised 
that it was an element similar to chlorine. It was called iodine from the 
violet colour of the vapour (Greek, ioeides, violet). 

Occurrence. — Iodides occur rather rarely as iodargyrite (silver iodide), 
in some magnesian limestones and dolomites, and in some lead ores. 
Iodides occur in some mineral waters (Woodhall Spa near Lincoln, 
Montpellier, Heilbrimn). (Free iodine is said to exist in the water of 
Woodhall Spa.) The salt brine from petroleum wells in Java contains 
about 1*35 gm. per litre of iodine as iodides. This is precipitated as 
cuprous iodide (p. 318), from which iodine is extracted. In California, 
a similar but weaker brine is w orked for iodine*. The iodine content of 
sea- water exists partly as organic compounds and partly as iodides or 
iodates : it never exceeds 0*001 per cent and in the Atlantic is only 1 
part in 280 millions. Seaweeds and sponges absorb this iodine, partly 
in the form of organic compounds. 

Tropie.ul sponges may contain as much as 10 per coat of iodine, w T hilst 
Turkey sponges contain about 0-2 per cent. The amount of iodine is greater 
in deep-sea weeds than in those growing near the shore. During storms, 
these woods are torn up and oast ashore. They are known in Scotland as 
drift-weeds , or red wracks ; the varieties Laminaria digitata and L. steno- 
phylla alone are used in the preparation of iodine. 

Iodine occurs in oysters and many sea -animals. It is present in traces in 
cod-liver oil as an organic compound, and occurs as an organic compound 
thyroxine C 15 H„0 4 N1 4 in the thyroid gland (those of the ray and dogfish 
contain 1 per cent of iodine). 

Another source of iodine is the alkali iodate (perhaps also some 
periodate) contained up to 0-2 per cent as NaI0 3 in crude Chile nitre 
(caliche). The* mother-liquors from the crystallisation of the sodium 
nitrate contain about 3 gm. of iodine as iodate per litre. 

Preparation. — In the laboratory, iodine may be obtained by heating 
potassium or sodium iodide with diluted sulphuric acid and manganese 
dioxide : 

2KI + Mn0 2 + 3H 2 S0 4 - 1 2 + 2KHS0 4 + MnSO* + 2H 2 0. 

Heat 3*5 gm. of KI with 7 gm. of MnO, and 100 ml. of dilute H a SO* 
(1 : 6) in a retort. The violet vapour condenses in the neck of the retort 
and in the receiver as glittering black scales of solid iodine. 

In making iodine from sea-weed two processes are used. 

In on© the woeds are burnt in shallow pits and the ash called kelp ( varee 
in Normandy) contains potassium salts and from 0*4 to 1*3 per cent of 
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iodine as iodides. Formerly in Normandy, Spain, and Scotland the ash waa 
used in the manufacture of potash ; the technical preparation of iodine waa 
begun by Dr. Ure at Glasgow and is also carried out in Norway and Japan. 
The kelp is lixiviated with water in iron vats heated by steam and the 
solution concentrated in iron pans. The alkali carbonates, chlorides and 
sulphates crystallise and the final mother-liquor contains the very soluble 
sodium and potassium iodides, with some bromides. It is mixed with sul- 
phuric acid, and the sulphur (from the decomposition of sulphides) allowed 
to settle. The clear liquor is rim into iodine stills, consisting of iron pots 
with dome-shaped lead covors communicating with trains of earthenware 
receivers called udells or aludels (Fig. 175). Manganese dioxide is added 



and iodine distils on heating, collecting in tho udells. It is purified by 
sublimation in porcelain pans. About 12 lb. of iodine are obtained per ton 
of kelp, representing about half that contained in tho original seaweed. 

In the socond process, used in Norway, a wet extraction of the weed with 
sodium carbonate solution is used, and an organic adhesive is precipitated 
on acidifying of the solution. 

In extracting iodine from the California salt-brine, this is chlorinated 
and the iodine blown out as vapour in a current of air. The iodine 
vapour is absorbed in a solution of hydrogen iodide and sulphuric acid, 
which is circulated in absorbers. The free iodine in the solution is 
continuously reduced by adding sulphur dioxide : 

NaT + Cl 2 -- NaCl + 1 2 

I 2 + S0 2 + 2Hj>0 - 2HI + H 2 S0 4 . 

Part of the solution is continuously wit hdrawn from circulation and the 
iodine precipitated from it by chlorine, filtered, melted under concentra- 
ted sulphuric acid and cast into blocks. It is sufficiently pure for chemi- 
cal purposes, but for pharmaceutical uses it is purified by sublimation. 

The iodide in the clarified brine may also be precipitated as silver iodide, 
which is decomposed by iron into silver and ferrous iodide. Silver iodide is 
precipitated before the bromide or chloride. 

The preparation of iodine from the iodate in Chile nitre (caliche) 
involves reduction. 

The mother-liquor (“ aqua vieja ”) is run into a wooden vat and 
sodium hydrogen sulphite solution added. The iodine precipitated is 
pressed and sublimed. 

The reaction has been variously represented ; it involves the 
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reduction of iodate to' iodine find the oxidation of the sulphite to sul- 
phate, e.g. by the reaction : 

2NaIO a + 5NftHS0 3 - 3NaHS0 4 + 2Na 2 S0 4 + 1 2 -i H 2 0, 

which occurs in stages. The iodate is reduced to iodide by a rather slow 
reaction : 

( 1 ) I0 3 ' + 3H80 : ; - 1' -i- 3HS0 4 '. 

The iodide reacts rapidly with iodate to form iodine : 

(2) 10 3 ' 1 5P \ OH* -=3I 2 4 3H 2 0. 

As long as any sulphite remains, the iodine is reduced to iodide by a 
very rapid reaction : 

(3) I 2 1 H80,' HjO - 21' + HSO/ i 2H\ 

Iodine appears only when all the free sulphurous acid is used up, and 
the process shows a period of induction. This is shown in the following 
experiment, due to Landolt. 

Dissolve 10 gin. of crystallised iodic acid m 1 litre of water. Saturate 
5 ml. of water with sulphur dioxide, and add to 1 litre of water. 50 ml. of 
iodic acid solution arc added to 250 ml. of water and a little starch solution 
in a cylinder. 50 ml. of the sulphurous acid are diluted with 250 ml. of 
water and the solution pourod into the iodic acid. The liquid remains 
colourless for a certain interval, and then at once becomes blue. By varying 
the dilution, the time interval may be altered. 

Pure iodine. — Commercial iodine nearly always contains iodine 
chloride 101, iodine bromide IBr, and sometimes cyanogen iodide ION, 
all of which arc volatile and cannot, be separated by sublimation. 
Resublimation over potassium iodide removes most of the impurity. 

Iodine is ground in a mortar with potassium iodide and the mixture gently 
heated in a porcelain dish on a sand-bath. A larger porcelain dish filled 
with cold water is placed over the first and the purified iodine condenses 
on its under surface in glittering scales. 

Stas dissolved resublimed iodine in concentrated potassium iodide 
solution, precipitated it with water, and distilled in steam . The solid 
iodine was collected, dried in vacuo over solid calcium nitrate (frequently 
renewed), and finally sublimed over barium oxide BaO, to separate 
HI ami H 2 0. Lean and Whatmough (1900) heated pure cuprous 
iodide at 240° in a current of dry air : 

20ul 0 2 -2 Cu 0 fl 2 . 

Baxter heated pure iodine pent oxide, from reervstallised iodic acid, 
at 300° in a platinum boat in a quartz tube : 2I 2 0 6 — 2I 2 + 50 2 . 

Properties of iodine. — Iodine is a blackish -grey opaque crystalline 
solid which has almost a metallic lustre. (When deposited in thin films 
on glass at - 180° it is transparent.) Large rhombic crystals (Fig. 176) 
are produced by spontaneous evaporation of an ether solution, or by 
allowing concentrated hydriodic acid to oxidise by exposure to air. 
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The physical properties are : density at 18°, 4*94 ; m.pt. 113*9° ; 
b. pt. 184*4°. Although the vapour pressure at room temperature is 

small (0*13 mm. at 15°, 0*47 mm. at 
20°), iodine has a characteristic smell 
and in a dosed flask the vapour shows 
a faint colour. 

Iodine vapour when pure has a 
splendid deep-blue colour : when mixed 
with air it is reddish- violet (Stas). The 
vapour density decreases with rise of 
« b temperature. From the boiling point 

Fig. 170.- Iodine crystals. to H /^responds with the for- 

inula 1() y the density then diminishes 
to 1700°, when according to Victor Meyer it again becomes constant 
and corresponds with the formula I. The dissociation into atoms : 
I 2 v^ 21 is well established with iodine. Starck and Bodenstein (1910) 
give 45 per cent dissociation at 1200 5 and extrapolation indicates 
complete dissociation only at about 3000°. Iodine vapour shows an 
orange-yellow fluorescence, especially when exposed to green light. 
When exposed to light from a mercury lamp it (units a spectrum con- 
sisting of a large number of equally-spaced lines. 

Iodine is much less soluble in water than either chlorine or bromine ; 
0*2705 gm. per litre at 18°, 0*4002 at 35', and 0*9220 at 55°. The 
solution is brownish -yellow. Iodine is readily soluble in solutions of 
hydriodic acid or iodides, forming dark- brown liquids containing the 
ion I 3 \ From a solution in potassium iodide black crystals of potassium 
tri-iodide KI :i ,H 2 0 separate. Many other polyiodides are known. Iodine 
is readily soluble in alcohol forming brown tincture of iodine (i oz. 
each of iodine, potassium iodide 1 and water, and rectified spirit to 
1 pint). 

Solutions of iodine in carbon disulphide are violet, the same colour 
as the vapour. In benzene and chloroform reddish-purple solutions are 
formed. In these solutions mainly \ 2 molecules are present. The 
depression of freezing point of methylene iodide CH 2 I 8 containing 
iodine gives the formula 1 2 . The purple solutions in petrol ether show 
colloidal particles in a beam of light, and these are formed in solutions 
in toluene on exposure to light. The solution in petrol either (but not 
that in carbon disulphide) becomes brown on cooling in solid carbon 
dioxide and ether. 

In water, alcohol, ether, and potassium iodide solution, iodine forms 
brown solutions. A purple solution in chloroform becomes brown on addi- 
tion of alcohol, but the original colour is restored on dissolving out the 
alcohol by shaking with water. The brown solution in alcohol contains 
associations of iodine with solvent molecules. 

Iodine combines directly with many elements forming iodides. It 
explodes when heated with potassium but can be fused with sodium 
without reaction (cf. Br 2 ). Powdered antimony inflames in the vapour, 
solid iodine inflames white phosphorus, and when ground in a mortar 
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with mercury it forms green mercurous iodide or yellow mercuric 
iodide according to the proportions used. 

Test for iodine. — Solutions of iodine give a beautiful blue colour with 
standi -paste, prepared by warming “ soluble starch ” with water or 
adding boiling water to ordinary starch made into a paste with cold 
water. 1 part of iodine in 5,000,000 parts of water may be detected. 
The blue colour disappears on heating but reappears on cooling. 

Add a drop of a solution of iodine in potassium iodide to some dilute 
potato starch solution in a test-tube. Heat the tube in a beaker of boiling 
water : the blue liquid becomes colourless. Goo! the lower part of the 
tube in a beaker of cold water : this part of the liquid again becomes 
blue. If excess of chlorine water is added, the blue colour disappears, 
since iodine chloride 1(1 is formed. 

The blue substance has been variously described as a chemical com- 
pound (“iodide of starch”), or a solid solution, or an adsorption 
complex of starch and iodine. A blue colour is produced by iodine 
with a few other substances c.g. saponarin, some of which are 
crystalline, and it is fully developed only in the presence of iodides or 
electrolytes. Basic lanthanum and praseodymium acetates (which are 
colloidal) and moist potassium acetate also give a blue colour with 
iodine, but the reaction is very specific. 

Hydrogen iodide. —Hydrogen and iodine combine only feebly : the 
affinity for hydrogen diminishes rapidly in the series of halogens F, 
01, Br, T. A mixture of iodine 
vapour and hydrogen passed 
over heated platinum forms 
gaseous hydrogen iodide giving 
fumes in moist air, but the 
reaction is reversible and in- 
com j dote : H 2 4 1 2 ^ 2 HI . 

Hydrogen iodide* is evolved on 
heating potassium iodide with 
phosphoric acid ; with sulphuric 
acid oxidation occurs, iodine is 
set free and some of the sul- 
hurie acid reduced. Since 
vdrogen iodide is a more 
powerful reducing agent than 
hydrogen bromide, the sui- Fm. 177. — Pn'paration of hydrogen iodide, 
phuric acid is reduced not only 

to sulphur dioxide but also to sulphur and hydrogen sulphide : 

H 2 S0 4 + 2H 1 - SO, + 1, + 2H,0 
H 2 S0 4 + OHJ-S h31, + 4H 2 0 
H,S0 4 4 SHI - H 2 S h 4H 2 0 f 41 2 . 

The usual method of preparation of hydrogen iodide gas is by the action 
of water on a mixture of red phosphorus and iodine : 

2P 4 51, -i 8H,0 - 10HI 4 2H.,P0 4 . 
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Phosphorus iodide may be formed and then decomposed by water (cf. 
the preparation of hydrobromic acid), but it should be noted that PI 6 
is not known. 

Four gm. of red phosphorus and 20 gm. of iodine are shaken together in a 
flask, and about 15 nil. of water slowly dropped on from a tap-funnel. The 
evolution of gas may become very rapid, and the flask is then cooled. The 
gas is collected by displacement (Fig. 177). It may be dried with CaCl 2 . 
It is very soluble in water and attacks mercury. 

Hydrogen iodide is evolved on heating a mixture of iodine with colo- 
phonium resin. 

Hydrogen iodide is a colourless gas, very soluble in water (425 vols. 
HI in 1 vol. at 10°) and fuming strongly in moist air. It condenses to a 
liquid under 4 atm. pressure at 0°, and is more easily liquefied than 
HC1 or HBr. The physical properties of HI are as follows : 

Boiling point - 35*4°. Critical pressure 81 atm. 

Melting point - 50-8°. Normal density 5*7888 gm. per lit. 

Critieial temperature 150°. 

The volumetric composition of the gas may be demonstrated by the 
action of sodium amalgam, as in the case of hydrogen chloride anti bro- 
mide. Half the volume of hydrogen remains, hence the formula is II l r . 
The density gives the molecular weight 12S, and the atomic weight of 
iodine is 127, hence I and the formula is HI. 

Dry hydrogen iodide mixed with dry oxygen is decomposed on ex- 
posure to light with liberation of inline : 4HI + 0 2 - 2H 2 0 + 2I 2 . 
According to Bcrthelot, a mixture of 4 vols. of HI and 1 vol. of 0 2 burns 
with a red flame when kindled, and a jet of hydrogen iodide burns, 
emitting violet fumes of iodine, when surrounded by oxygen, as in the 
combustion of ammonia (p. 517). A red flame and violet fumes of 
iodine are formed when warm fuming nitric acid is poured into a jar of 
hydrogen iodide gas. 

Hydrogen iodide is decomposed by exposure to sunlight : after ten 
days Victor Meyer found (>() per cent decomposed ; after a year, 99 per 
cent. This photochemical decomposition occurs according to the 
primary reaction : HI = H 1 I. The gas is decomposed by heat : 
2H1?^H 2 \ i 2 : decomposition begins at 180°, but is very slow. The 
rate of decomposition is quicker the higher the temperature. At each 
temperature a state of equilibrium is attained, the same from the 
mixture of hydrogen and iodine vapour (H 2 -f I 2 ) as from hydrogen 
iodide (2HJ ) : 2 HI ^H 2 h 1 2 . A catalyst platinum) produces no 

change in composition of the equilibrium mixture, since it accelerates 
equally both the direct and reverse reactions. The equilibrium 
percentage dissociations of HI (Bodcnstein) are : 

/°C. . - - - 283° 356" 444° 527° 1022° 

per cent dissociation - 17*9 19-5 22-0 24-7 32*9 

A solution of hydriodie acid is formed by dissolving the gas in water. 
The apparatus shown in Fig. 174 may be used. The solution saturated at 
0° has a density of T99 and contains 90 per cent of HI. The hydrates 
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HI.2H.O, m. pt. - 43°, HI,3H 2 0, m. pt. -48°, and HI,4H 2 0, m. pt. 
-- 36*5°, separate on cooling. The solution of density 1-5 is used in organic 
chemistry as a reducing agent. An acid of maximum boiling point 126° 
at 76 cm. contains 57 per cent of HI. The freshly- prepared solution is 
colourless, but rapidly becomes brown whom exposod to air owing to 
formation of iodine which dissolves in the acid : 4HI + 0 2 — 2H 2 0 + 2I a . 
The concentrated acid may be freed from iodine by distillation over a 
little red phosphorus. 

A solution of hydriodic acid is formed by passing hydrogen sulphide 
into a suspension of iodine in water : 

H 2 S + 1 2 = 2HI + S. 

When the liquid is decolourised it is saturated with iodine, and the 
reaction continued. When the density of the solution reaches 1*5(5, 
action ceases. 

The solution is filtered from the sulphur and distilled. At first very 
weak acid (with hydrogen sulphide and sulphur) comes over. The tem- 
perature t hen rises to 12(>° and the 57 per cent maximum boiling-point 
aeid distils. 

Hydrogen sulphide gas reacts incompletely with dry iodine, the reaction 
being endothermic and reversible : 

H 2 S i ] 2 ~ 21JT f S- 10*8 k. cal. 

The heat of solution of (111) in a larue quantity of water is 19-2 k. cal., 
hence heat is evolved by the action of hydrogen sulphide on iodine in 
presence of water. 

The formation of hydrogen iodide from hydrogen and solid iodine is 
attended by a small absorption of heat : 

(11 2 ) i ri 2 |-2(Hl)-lKS2 k. cal. 

The heat of sublimation of iodine is 

[1,1- (!•>)- 14*9 k. cal., 

lienee the reaction bet ween hydrogen and iodine vapour is attended by a 
small evolution of heat, 14*9 - 11*82 - 3*08 k. cal. 

(H 2 ) + (I 2 ) — 2(HI) + 3*08 k. cal. 

Le Chatclier's principle (p. 295) thus shows that the degree of dissociation 
of hydrogen iodide will increase with rise of temperat ure. 

Iodides. — Iodides may be prepared bv the same general methods as 
bromides (p. 322). Nearly all are soluble in water, cuprous, mercuric, 
lead, and silver iodides being exceptions. Silver iodide forms a light- 
yellow precipitate, insoluble in dilute nitric acid and in ammonia. The 
formation of violet iodine vapour when an iodide is heated with con- 
centrated sulphuric acid and manganese dioxide, or a brown colour 
after addition of chlorine water, extracted by shaking with chloroform 
or carbon disulphide as a violet solution, may be used as tests for 
iodides. 
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Chlorides of iodine. — -Iodine monochloride IC1 is formed by passing 
chlorine over iodine, as a dark red liquid, which solidifies on standing 
(especially in contact with a trace of IC1 3 ) to a black solid : l 2 + CJ 2 =s 
2IC1. The first product of solidification melts at 14°, but is unstable 
and is converted on standing into a stable form melting at 27*2°, which 
forms red needles. This is stable under all conditions ; from liquid 
cooled below 14° crystals of either form separate according as a crystal 
of one or the other form is added. The unstable form is obtained by 
cooling the liquid to - 10°. 

Iodine monochloride is also formed by heating iodine with potassium 
chlorate or boiling iodine with aqua regia. It boils at 101-3° and the vapour 
density is normal. It dissolves unchanged in concentrated hydrochloric 
acid but is somewhat decomposed by water : 

5IC1 + 3H 2 0 - 21, + H10 3 4 51101. 


Iodine monochloride is decomposed by alkali hydroxide solution, the 
final reaction with excess of alkali being : 

31 Cl + (]KOH = 3KCI 4- 2KI + KI0 3 4 3H a O, 

but some iodine is liberated in an intermediate stage. 

Iodine trichloride I01 3 is obtained by the action of excess of chlorine 
on iodine or on the monochloride: 101 4-Cl 2 ^ICl 3 . The reaction is 
reversible, since the vapour density of the trichloride shows that it is 
completely dissociated at 67°. It may be fused in chlorine under I (> 
atm. pressure. The trichloride is also formed on heating iodine pent- 
oxide in hydrogen chloride : 1 2 0 5 4- 10HC1 - 2IC1 3 4 - 5H 2 0 4* 2C1 2 . It 
is a lemon-yellow crystalline solid. 


If a jar of hydrogen iodide is inverted over a jar of chlorine thero is a 
violent reaction, often attended by a red flame, and three substances are 
formed : (i) a violet vapour, depositing solid crystals of iodine ; (ii) dark 
red drops of liquid at the junction ot the two jars- iodine monochloride 
IC1 ; (iii) lemon-yellow crystals in the lower jar iodine trichloride JC1.,. 
The reaction is : 4H , f 4 </| _ 4 HC1 + 1. + 1CI + TC , 1 3 . 


On standing in presence of excess of chlorine only yellow crystals of IC1, 
remain. 


Iodine trichloride is almost completely hydrolysed by water : 

2IC1, + 3H 2 0 - 1 01 4- I1IO.J + 5HC1, 

and is decomposed by alkali hydroxide soJut ion : 

31C1 3 4- 1 2K0H - 9KC1 + KI + 2KI 0 3 + 6H 2 0, 
some iodine being liberated in an intermediate' stage. 

Iodine monochloride and trichloride are sometimes regarded as salts of 
the univalent and tervalent iodine cations, TCI' and I*'* Cl/. Some salts of 
tervalent iodine are described : iodine acetate l(C,H s O,) 3 is obtained by 
the action of C1 2 0 on iodine dissolved in glacial acetic acid, and iodine 
perchlorate 1(C10 4 ) 3 ,2H 2 0 is obtained m yellowish -green needlos by the 
action of ozone on a cooled solution of iodine in anhydrous perchloric 
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acid : I 8 4 - 6HC10 4 + O, — 2I(C10 4 ) 3 4 - 3H a O ; iodine orthophosphate IP0 4 is 
said to be formed from iodine, orthophosphoric aei<l, acetic anhydride 
and fuming nitric acid. The strongly basic diphenyl iodonium hydroxide 
(C e H ft ) a IOH is stable and forms salts resembling those of tervalont 
thallium, even to giving a green flame reaction. 

Iodine monobromide IBr is formed by direct combination as black crystals 
similar to iodine, m. pt. 30°, b. pt. 1 10°. The vapour is dissociated. 

Oxides and oxy- acids of iodine. — The following oxygen compounds 
of iodine are known : 

Oxides 

Iodine dioxide 10 2 or I 2 0 4 
The oxide I 4 0 # 

Iodine pentoxide I 2 0 5 


The yellow non-del iquescenfc iodine dioxide H0 4 is obtained bv heating 
iodic acid with hot concentrated sulphuric acid till fumes of iodine are 
evolved, cooling and decomposing the resulting basic sulphate of iodine 
with wator, in which iodine dioxide is sparingly soluble. It is decomposed 
on heating : 51 2 0 4 - 41 2 O r> ! 1 2 . 

The pale-yellow deliquescent oxide I 4 0 9 is obtained by the action of 
ozonised oxygen on dry iodine. It- is decomposed on heating: 4I 4 0 9 - 
(il>0 5 f 21 o I 30 2 , and by water : f>r 4 0 9 t* OH a O -l a 4 18HIO.,. 

Iodine pentoxide (iodic anhydride) 1 2 0 f> is obtained by heating iodic acid 
at 200°, or at 150° for three' hours and then at 240° in a current of 
dry air : 2H10 3 -=1 3 0 5 r H 2 0. It is a white powder, decomposing at 
300° after fusion into oxygen and iodine. When warm it oxidises 
carbon monoxide, even in traces in gaseous mixtures : 500 f I 2 0 5 ~ 
5C0 2 4 I 2 . f Fhe carbon dioxide formed may be absorbed by baryta 
water, and the amount determined by titration. Iodine pentoxide 
dissolves in water, forming iodic acid H10 a . 

Hypo-iodous acid. — Iodine dissolves in cold dilute alkali hydroxide 
solution to form a yellow solution, with a characteristic smell of saffron. 
This contains hypo-iodite and iodide; I 2 f 20H' = 01' 4-1' + H 2 0. 
The freshly-prepared solution has oxidising and bleaching ])roperties. 
Indigo solution is bleached, hydrogen peroxide evolves oxygen, man- 
ganous sulphate is precipitated as brown manganic hydroxide, and 
alcohol gives a yellow precipitate of iodoform CHI.,. An acid, even 
carbonic acid (soda-water), liberates iodine from the solution : 

or+r + 2 H- u i h..o. 

On standing, especially if heated, the solution loses these properties 
and contains only iodate and iodide: 301' 10./ 4 21'. Free hypo- 
iodous acid is formed on shaking a solution or a suspension of finely 
powdered iodine with precipitated mercuric oxide and filtering : 

21* 4 2HgO 4 H,,0 - 2H01 , Hgl a ,Hg0. 


Oxy -acids 
Hypo-iodous acid HOI 


Iodic acid H10, 

/ Metaperiodic acid 11I0 4 
-! Dimesoperiodic acid H 4 I 2 0 9 
^Paraperiodic acid Ji 5 IO 0 
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The acid is very weak and has been supposed to be amphoteric in 
character, functioning as a very weak base as well as a very weak acid: 
HO'+r^Hoi^H+or. 

Iodic acid. — This is the most important oxy-acid of iodine. It is 
formed by the oxidation of iodine with ozone in presence of water, but 
is best prepared by boiling iodine with ten times its weight of fuming 
nitric acid (dens. 1.5) in a flask, evaporating to dryness, heating to 
200° to expel nitric acid, and dissolving the iodine pentoxide formed in 
the smallest amount of warm water. On cooling the syrupy liquid, 
colourless rhombic crystals of iodic acid separate : 

3I 2 }- 10HNO 3 — OHIOjj -1 10NO f 2H a O. 

Iodic acid is formed by passing chlorine into a suspension of iodine 
in water: I 2 4-5Cl a f fiH 2 0 = 2HK) 3 -f lOHCl. Hydrochloric acid is 
removed as silver chloride by addition of silver oxide. 

Iodic acid may be prepared by evaporating iodine with 25 per cent 
chloric acid : 2HC10 3 + I, - 2HIO, t- Cl,. 

Iodic acid is very soluble in water, but is not deliquescent. The 
solution first reddens and then bleaches litmus paper. Iodic acid is 
insoluble in alcohol. The* solid deflagrates when heated with powdered 
charcoal, sulphur, phosphorus, or organic matter, and in solution the 
acid is an oxidising agent : 

2H10 3 4 5SO,-t 4H a O L, 1 5H,N0 4 

2HI0t } + 511 .,S - L> M>H:0 + 5S 
Hl6 3 + 5HI- 3I 2 ^ 3H 2 0. 

Iodic acid melts at 110° to form a solution and a solid hydrate 
3I 2 0 5 ,H 2 0 of I 2 0 5 stable to 19f>° but then fusing to form 1 2 0 5 . 

Iodates. — On adding iodine to hot concentrated alkali hydroxide 
solution an iodate and iodide are formed : 

3I 2 f fiKOH -= K IO a + 5KI + 3H 2 0. 

With potassium hydroxide, sparingly soluble potassium iodate KI0 3 
crystallises on cooling. 

Potassium iodate is also formed by heating iodine with a concen- 
trated solution of potassium chlorate and a little nitric acid : 

2 KCIO 3 -f I 2 = 2KI0 3 i CI 2 . 

If barium chloride is added to a solution of potassium iodate, barium 
iodate is precipitated. This is decomposed by dilute sulphuric acid to 
form a solution of iodic acid : Ba(10 3 ) 2 } H 2 S0 4 — BaS0 4 -1 2HI0 3 . 

Iodic acid, although monobasic, forms normal salts and two acid salts : 

Normal potassium iodate K10 ;1 

Acid potassium iodate KI0 ;{ ,H10 3 or KH(I0 3 ) 2 

Diacid potassium iodate K10 3 ,2H10 3 or KH 2 (10 3 ) 3 . 

The acid salts are isomorphous with aeid salts of some dibasic organic 
acids (succinic, etc.). The normal iodates are sparingly soluble or 
insoluble in water. O 11 heating, they deeompose : (i) into iodide + 
oxygen, e.g. KI0 3 , (ii) into oxide 4 iodine \ oxygen, e.g. Ca(I0 3 ) 2 . 
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Barium iodate forms a periodate on heating (see below). lodates 
form complex compounds with molybdic. tungstic, selenic, sulphuric 
and phosphoric acids. 

lodates are detected by the blue colour, due to liberation of iodine, 
when sulphurous acid and starch-paste are added to a solution. 

The formula of iodic acid and iodine pentoxide are written on the 
assumption that theses compounds contain quinquevalent iodine : 

v O (X .. o 

H— 0— 1 ; ; I 0 -1 ' 

' o O'" o. 

Periodic acid. — Periodic acid, discovered by Ammermuller and 
Magnus in IS 33, is formed by the electrolytic oxidation of iodic acid, 
but is most conveniently prepared by the following method. 

A sodium periodate Na 8 l! 3 IO a (mixed with Na.,H 2 I0 6 ) is precipitated on 
oxidising a boiling solution of i 2- 7 gin. of iodine in a 10 per cent solution 
of 00 gni. of sodium hydroxide, with a rapid stream of chlorine : 

Na IO : , I 3NaOK+a 2 = Na a H 3 i() fi i 2 Natl. 

A suspension of this salt in waler is heated with silver nitrate at 100°, 
giving a black precipitate of silver mesoperiodate Ag 3 IO f> , which is washed, 
suspended in water, and decomposed by chlorine, giving silver chloride and 
a solution of periodic acid which is evaporated m a vacuum desiccator over 
concentrated sulphuric acid, when colourless deliquescent crystals of 
paraperiodic acid ll 5 H) e (the common periodic acid) are formed : 

4Ag 3 l0 6 f 10U 2 O=-4H ft IO, f 12AgCl i 3G a . 

Tlie crystals of paraperiodic acid melt with decomposition on beating : 
2H 5 I0 6 — 211 [O., + 411,0 + () 2 , but below 100° in a vacuum they lose water, 
forming dimesoperiodic acid Jl 4 l,0 9 , and then metaperiodic acid 1U0 4 . The 
latter slowly sublimes. (Halil and Partington, 11134). 


Barium periodate Bh-( 10 6 ) 2 is very stable and is formed on heating 
barium iodate to redness: f>lki(10.,) 2 -= Ba r /10 6 ) 2 * 4I 2 M*0 2 . A 
solution reacts with dilute sulphuric acid with formation of a solu- 
tion of periodic acid : Ba ; ,(10 ( .) 2 d 5H 2 S0 4 = 2H r> 10 (} -i f>BaS0 4 . 

Solutions of periodic acid and periodates are powerful oxidising 
agents, converting manganous salts int o permanganate. The periodates 
are usually sparingly soluble. A solution of KI0 4 gives with silver 
nitrate a brown precipitate of Agi() 4 , soluble in dilute nitric acid. 
Several groups of periodates know n may be regarded as derived from 
acids formed by loss of water from a hypothetical ortho-acid I(OH) 7 . 
They all contain septavalent iodine : 

Pkhtodio Acids Pkiuodates 


ortho - l(OH) 7 , unknown 
para- I()(OH) 5 or H B K) 6 

wem- 10,(011)., or H ; ,10 r „ unknown 
dinwHo- (H()) 2 lO,()dO,*(OH )„ or H 4 1 2 C> 9 
mcU i- 10,(OH) or III 


unknown 

Ba i (IO t ) 2 ; Nu 2 ll : ,10 ft ; 
Na^lldOe ;Ag 2 H 3 lO e 
Ag,l()„ 

NaJA, : Ag 4 L,0 9 
KIO.; Agl() 4 . 
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✓r O H— Ox O — H 

H — O — 1^—0 H — () ,1\ O— H 

''Vo O" O — H 

In tho KV" ion tho six oxygon atoms aro arranged octahodrally with six 
identical bonds around the iodine atom. 

Fluorine 

History. — The mineral fluorite or fluorspar occurs in Derbyshire, crystal- 
lised in cubes or oetahodra or in compact masses like marble. It is called 
“ Derbyshire Spar or 44 Blue John ” when the crystals aro (coloured 
blue or purple. Colourless transparent crystals show a bluish tinge when 
light falls on them, and this property (shown by petroleum, solutions of 
quinine salts, and other substances) is called fl uoresccme. Fluorspar was 
described by Agricola (1530) as fluor , from the Lat in fluo, I flow, since it 
molts at a red heat (1330°). Fluorspar is calcium fluoride, CaF 2 . 

Tho composition of fluorspar was for long unknown. It appears that 
crude hydrofluoric acid was first, prepared by an unknown English glass- 
worker about 1720. Sclioole, in 1771, discovered that fluorspar is a salt 
of lime and a peculiar acid, which he obtained in an impure state by dis- 
tilling fluorspar with concentrated sulphuric acid in a glass retort. The 
retort was powerfully corroded and a gas formed which deposited gelat inous 
silica on passing into water. J. C. F. Meyer (17S1) and C. K. Wenzel (1783) 
used iron and lead vessels and obtained (airly pure hydrofluoric acid 
solution, the part played by the silica from glass being clearly recognised. 
Tn 1786 Schnele used a tin retort. ( lay -L tissue and Thenard, who investi- 
gated tho acid in 1809, regarded it as tho oxide of an unknown radical. 
Ampere in 1810 suggested that it is a compound of hydrogen with an un- 
known element fluorine, analogous to chlorine. The element was first 
isolated by Moissan in 1886. 

Occurrence. — Fluorine is widely distributed as fluorspar and other 
fluorides. Large quantities of cryolite Na a AIK 0 are found in Greenland, 
and fluor -apatite OaF 2 ,3Ca t ,(P() 4 ) 2 is common. Small quantities of 
calcium fluoride in soil (probably derived from apatite) are absorbed 
by plants, the ashes of which contain about 0*1 per cent of fluorine. 
From plants calcium fluoride passes into the bones and teeth of animals, 
especially the hard parts ; enamel of teeth may contain 0*3 per cent of 
fluorine, possibly as apatite. 

Tho blue colour of some kinds of fluorspar is usually due to organic 
matter. On heating it disappears. Some blue varieties contain free 
fluorine. Colourless fluorspar becomes blue when exposed to radium 
emanation. 

Preparation. — The isolation of fluorine was for long one of the master 
problems of inorganic chemistry. Tho attempts of Davy, Fremy, 
Nickles, Louyet, and Gore towards its solution were uniformly un- 
successful. If platinum vessels were used a chocolate-coloured powder, 
PtF 4 , was obtained ; carbon vessels were attacked with the formation 
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of a gaseous fluoride 0F 4 . Attempts to electrolyse hydrofluoric acid 
met with no success : if the aqueous acid was used only oxygen and 
hydrogen were obtained, whilst ihe anhydrous acid is a non-conductor 
Moissan in 1886 found that anhydrous hydrofluoric acid becomes an 
electrolyte when potassium hydrogen fluoride KHF 2 is dissolved in it. 
If this solution is electrolysed in a. U-tube of an alloy of platinum and 
iridium with electrodes of the same material, the whole being strongly 
cooled, hydrogen is evolved from the cathode and fluorine from the 
anode. In 1899 Moissan found that the platinum apparatus could be 
replaced by copper, which apparently becomes coated with a protecting 
film of fluoride. The electrodes must still he of platinum-iridium. 

On the loft in Fig. 178 is the U-tube, of 300 ml. capacity, containing 
60 gm. of acid potassium fluoride dissolved in 200 mi. of anhydrous hydro- 



Fig. 178. — Mo] snail’s apparatus for preparing fluorine. 


fluoric acid. The electrodes are insulated by fluorspar stoppers covered 
outside with shellac. The tube is immersed in a bath of methyl chloride, 
b. pt. ~ 23°, which is constantly ronowed, anti a potential of 50 volts is 
applied. The fluorine from the anode (about 5 litres per hour) is passod 
through a platinum or copper spiral cooled in methyl chloride, and a tube 
of the same metal packed witli fused sodium fluoride, to remove hydro- 
fluoric acid. 1 >y collecting and measuring the hydrogen from the cathode, 
and absorbing the fluorine in iron wire m a weighed platinum tube, Moissan 
found that for every gram of hydrogen evolved the iron increased in weight 
by 19 grams. The gas was therefore free fluorine. 

Brauner (1894) obtained small cpiantif ics of fluorine by heating potassium 
fluorplumbato PbF 4 ,3KF,MF, made by the action of hydrofluoric acid on 
potassium plumbs to. At 230°~2f>0° this loses hydrofluoric acid and at 
higher temperatures free fluorine : 

PbF 4 ,3KF,HF — 11F + PbF 4 ,3KF 
PbF 4 ,3KF — PbFj..3KF f F a . 
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Fluorine is moro easily prepared by the electrolysis of fused acid potas- 
sium fluoride in a copper vessel with graphite electrodes. The electrolyte, 
pure and dry KHf., (m. pt. 217"), is fused m an electrically heated vessel, 
such as a wide copper V-tube A A (Fig. 1711) ; the electrodes HR are pure 
Acheson graphite rods insulated in Bakelite cement stoppers BB. A 
current of 5 amp. at 12 volts is used. The fluorine (0-92 litre per hour) is 
purified by passage through two copper U -t ubes F( 7, containing dry sodium 
fluoride (Dennis, Vender and Roehow, 1931). Purity of the salt and of the 
electrodes is essential. 

Fluorine can be made on the industrial scale. Tho common electrolytes 
are fused acid potassium fluorides with carbon anodes, and up to 2,000 

amperes were used in the 1 elec- 
trolysing currents. An anode 
current efficiency of about 95 
per cent was attained. The 
gas eau be piped in steel or 
copper, and compressed up 
to 400 lb. /in.- in nickel and 
steel cylinders. Purification 
reached 98 per cent minimum. 
Fluorination of hydrocarbons 
formed numerous products 
up to C 18 F 33 , and much use was made of cobalt trifluoride CoK.„ and silver 
difluoride AgF.>, The fluorine-hydrogen blowpipe is used for v\ elding metals. 

Properties. — Fluorine is a pale greenish-yellow gas, with very little 
action on glass below 100°, so that it may he kept in glass vessels. It 
has a powerful odour resembling hypoehlorous acid, but is not so 
poisonous as hydrofluoric acid vapour. By weighing the gas in a glass 
flask, Moissan found the density 184)1 (II - I), from which the formula 
F„ follows. Fluorine was liquefied in 1S ( .)7 by Moissan and Dewar, who 
cooled the gas in liquid air boiling in a vacuum. The liquid is dear 
yellow, b. pt. -1N7\ density 1*108 at the b. pt. By cooling in liquid 
hydrogen, Dewar (1903) obtained pale-yellow solid fluorine, m. pt. 
-233°, becoming colourless at -252 0 . 

Fluorine fumes in moist air, forming hydrofluoric acid and ozone. 
Fluorine is the most active (dement known. It does not react directly 
with oxygen or nitrogen, and combines with chlorine only on heating, 
forming gaseous OIF and ClF ;t . It readily combines with bromine and 
iodine, forming colourless liquids BrF ;{ and 1F 5 . 

A jot of fluorine ignites at once in a jar of hydrogen, burning with 
a red-bordered flame and producing H F, which attacks the glass jar. 
Fluorine unites with moist hydrogen explosively even at -252°, but 
the very pure and dry gases do not react- at room temperature. Boron, 
carbon (as charcoal), silicon, phosphorus, arsenic, antimony, bromine, 
iodine, sulphur, selenium, tellurium, and potassium all ignite spon- 
taneously in the gas and burn with the formation of fluorides. Silver, 
magnesium, zinc, aluminium, tin, manganese, iron, and nickel take fire 
when gently warmed. Lead is only slowly attacked at the ordinary 
temperature, and copper becomes coated with a protective layer of 


R R 



Fie. 179. — Preparation of fluorine. 
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fluoride. Gold and platinum are not attacked at the ordinary tem- 
perature but are corroded and form fluorides on heating. Alcohol, 
ether, and turpentine take fire spontaneously in the gas. Potassium 
chloride is decomposed with evolution of chlorine : 

2KOJ + F 2 = 2KF + Cl 2 . 

Fluorine can replace oxygen in many acids without producing much 
change in chemical properties, e.g. it forms fluoriodates MF 2 I0 2 , and 
IF 3 (OH) 2 , and replaces oxygen in niobates and tantalates. 

Hydrofluoric acid. — Hydrogen and fluorine combine when moist to 
form hydrogen fluoride or hydrofluoric acid HF, which is more con- 
veniently made by the action of sulphuric acid on fluorides or by heating 
acid potassium fluoride. 

Powdered fluorspar is distilled with 90 per cent sulphuric acid in a 
lead retort connected with a lead receiver containing water, in which 
the vapour of hydrofluoric acid dissolves: CaF 2 + H 2 S0 4 — CaS0 4 4 - 
2HF. The colourless solution is kept in wax or gutta-percha bottles, 
and is used for etching or engraving on glass, which consists of alkali 
and alkaline earth silicates ; hydrofluoric acid removes the silica in the 
form of silicon fluoride : 

Si0 2 i 4HF = SiF 4 4 2H 2 0. 

Etchings with the liquid acid are clear ; those made with the gas or a 
mixture of aqueous acid and ammonium fluoride are opaque. 

A watch-glass is covered with beeswax by melting and draining off the 
liquid. When the wax has hardened, a device is scratched through with a 
needle and the glass placed over a lead dish containing a mixture of powdered 
fluorspar and concentrated sulphuric acid, gently warmed. The parts of the 
glass exposed are seen to be etched if the wax is removed after a few minutes 
by warming the glass. 

The commercial acid, dens. 1*130, contains about 40 per cent of HF. 
It is used for etching glass, for removing silica from canes and sand 
from castings, and as an antiseptic. The k - wild yeasts ” which produce 
fusel oil in fermentation are killed by small quantities of sodium fluoride, 
whilst normal yeast-cells may be accustomed to it. Lactic and butyric 
fermentations are also inhibited. Zinc and sodium fluorides are used 
in preserving wood. 

Almost pure anhydrous hydrofluoric acid is made in America from 
fluorspar and transported in steel containers. 

If aqueous hydrofluoric acid is neut ralised with potassium hydroxide 
and the liquid evaporated in a platinum dish, cubic crystals of potassium 
fluoride KF are obtained. If a further equal volume of hydrofluoric 
acid is added to the neutralised liquid and the liquid evaporated in a 
platinum dish, crystals of potassium hydrogen fluoride KHF 2 called Fremy’s 
salt (it was actually discovered by Berzelius) are obtained. This may 
be dried by heating and is relatively stable. If it is heated in a 
platinum or copper retort, connected with a condenser of the same 
metal cooled by a freezing mixture, anhydrous hydrofluoric acid distils 
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(Fig. 1 80) : KHF 2 — KF + H F. The anhydrous acid was first prepared 
in this way by Fremy in 1 850. 

Anhydrous hydrofluoric acid is a colourless strongly-fuming liquid, 
dens. 0*988, boiling at 19*4° ; it should be kept in a platinum bottle 
in a freezing mixture*. Jt does not solidify until cooled to - 102° ; the 
transparent colourless solid melts at 83°. When quite free from water 
the liquid acid is said not to attack glass or metals at the ordinary 
temperature, except potassium, which explodes in contact with it. 
According to Moissan, the drv gas attacks glass. In presence of a trace 
of water the acid attacks glass violently, and dissolves most metals with 
evolution of hydrogen : Fe \ 2IIF = FeF 2 4- H 2 . The noble metals are 
not attacked, but gutta-percha (which resists the aqueous acid) and 



Fig. ISO. Platinum retort and condenser for preparing anhydrous 
hydrofluoric* m ?d. 


most organic materials are rapidly corroded. Ceresin wax, or polythene 
(polymerised ethylene), bottles resist the concentrated acid. The acid 
and its vapour are dangerous corrosive poisons. They attack the skin 
violently and form sores winch heal only with great difficulty, lienee 
rubber gloves should be worn in manipulating the acid. 

Hydrofluoric acid forms a solution of maximum boiling point, 120°, 
containing 30 per cent of HF. 

The composition of hydrofluoric acid was determined by (lore (1869), who 
heated silver fluoride at 100° in hydrogen in a platinum vessel and obtained 
twice the volume of hydrofluoric acid gas. The formula at 100° is therefore 
HF : 2AgF + H a = 2HF 4 2Ag. Mallet (1881) by weighing the vapour at 
30* 5 U in a glass flask coated inside with paraffin wax obtained the density 
19*66 (H - 1) corresponding with the formula H a F a . Thorpe and Hambly 
(1889) by determining the vapour densities in a platinum flask at various 
temperatures and pressures, shower! that the gas is associated, the density 
varying with temperature and pressure. At 88 r and 741 mm. the molecular 
weight corresponds with HF ; at lower temperatures it approximates to 
H a F 3 . No indication of the separate existence of H*F a was found, the 
density falling continuously with rise of temperature or diminution of 
pressure to the limiting value corresponding with HF. Simons and Hilde- 
brand (1924) concluded from measurements of vapour pressure and density 
that the gaseous acid at temperatures of 15° to 19° C. is a mixture of H*F f r , 
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and HF molecules in equilibrium, but. Thorpe and Hambly’s results have 
been confirmed by Fredenhagen (1934). 

In concentrated solutions the acid a]) pears to bo H 2 F 2 , but in dilute 
solutions freezing- poiiit measurements give tbe formula HF, and the 
existence of TI 2 F 2 molecules is doubtful, although the liquid acid is 
associated. 


The fluorides differ in many ways from other halogen compounds. 
Silver fluoride is very soluble, calcium fluoride is nearly insoluble, in 
water. The iron compound corresponding with cryolite, viz. Na 3 FcF 6 ,. 
is insoluble. If a standard solution of a ferric salt is added to a solution 
of sodium fluoride, this compound is precipitated, and if a little 
ammonium thiocyanate is added the excess of ferric salt gives a red 
colour. Fluorides may be titrated in this way. 

Many fluorides readily form complex compounds with hydrofluoric 
acid, e.q. HBF 4 , H 2 SiF 6 , HoNhOF,, etc., which form salts, KBF 4 , 
K 2 SiF ({ , K 2 NbOF 5 . 

Ammonium fluoride NH 4 F, obtained by neutralising the acid with 
ammonium carbonate, decomposes on fusion and forms the acid 
fluoride: 2NH 4 F = NH 3 + NH 4 HF 2 . 

Fluorine oxides. — Lebeau and Damiens (1927) found that gaseous 
fluorine monoxide F t O is produced by passing fluorine at the rate of J litre 
per hour through 2 per cent sodium hydroxide solution : 2F a + 2NaOH — 
2NaF +- F s O +■ H g (). If may be collected over water and liquefied in liquid* 
air, b. pt. - !4(>-5 ', m. pt. 223-8 1 . It is a stable gas, which is a powerful 
oxidising agent, liberating iodine from potassium iodide solution, which 
completely absorbs it : F*() + 4KI i H 2 0 - 2KF { 2KOH s 21 2 . Difluorine 
dioxide F 2 0 2 is an orange-rod solid, m. pt. - 11)3-5 obtained by tbe action 
of an electric discharge on a mixture of fluorine and oxygen at low term 
perature and pressure (Ruff, Monzol and (hisius, 1930). Above - 100° 
the pale-brown gas decomposes into fluorine and oxygen. 


Compounds of fluorine with other halogens. -Chlorine monofluoride (IF is 
a colourless gas (m. pt. - 161°, b. pt. - 103°) formed from hydrogen 
fluoride and chlorine at liquid air temperature, or by beating fluorine and 
chlorine in a copper vessel at 250°. It reacts with some metals oven more 
vigorously than fluorine itself. With excess of fluorine chlorine trifluoride 
(IF 3 (m. pt. -83’, b. y>t, -f 11-3 C ) is formed; this attacks glass very 
vigorously. 

Bromine trifluoride HrF 3 is formed from fluorine and bromine or hydrogen 
bromide as a colourless fuming liquid, m. pt. - 2 n , b. pt. 127° ; bromine 
pentafluoride BrF 6 is formed from the elements at O ’, m. pt. ~ (>1-3°, b. pt. 
40 , 5°, the vapour being stable at 400' ; bromine monofluoride BrF is a reddish- 
brown unstable gas, m. pt. - 33°, b. pt. c. 20°, formed from the trifluoride 
and bromine. 

A liquid iodine pentafluoride IF 5 (m. pt. 8°, b. pt. 97°) is formed by direct 
combination of the elements, by the] action of fluorine on heated iodine 
pentoxide, or by heating iodine with silver fluoride ((loro, 1871). When 
heated with fluorine at 270° - 300° it forms gasoous iodine heptafluoride 1F 7 , 
b. pt. 4*5°, with the normal vapour density. 
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The halogens. — The elements fluorine, chlorine, bromine, and iodine 
are so related in chemical properties as to form a group or family, 
called the halogen group (Greek hats — salt). The properties of the free 
elements and of their hydrogen compounds show- a marked gradation in 
the order given aboye. This is seen in the first place in the physical 
properties of the elements : Solubility 

in water 



Atomic 

Physical 


Melting 

Boiling 
point aba. 

Density of 

gm. /lit. 

Element. 

weight 

state. 

Colour. 

point abs. 

liquid. 

at 0°. 

F 

19 

gas F a 

| 

l|f 

4* 

c 

c 

86° 

M08 

decomposes 

Cl 

35-5 

gas Cl 2 < 
liquid Br 2 j 

l yellow 

1 (liquid 
(.yellow) „ 
r dark red 

172*2° 

238*6° 

1*55 

14*6 

Br 

80 

(vapour 

,red) 

265*9° 

331*9° 

319 

41-5 

I 

127 

solid I 2 J 

f black 
(vapour 

386*6° 

457*5° 

4*9 

0*162 



1 

, violet) 



solid 



The physical properties of the hydrogen compounds (all acids) are 



Melting 

Boiling 

Density ‘of 

Heat of formation 

Atomic 

Energy of forma- 
tion from atoms 

Compound, point abs. 

point abs. 

liquid. 

in k cal. distance A.U. 

k. cal. 

HF 

180*8° 

292-5° 

0-988/15° 

38*5 

0 l 86 

140 

HOI 

157-8° 

188° 

0-929/0'' 

22 

1-28 

102 

HBr 

185*0° 

206° 

2-16 (b. pt.) 

12-1* 

i *42 

86 

HI 

222-2" 

237*6° 

2-80 (b. pt.) 

~ 0*1 1 

1-6 

66 


The physical properties of hydrofluoric acid are abnormal ; it is 
associated even in the gaseous state below 80°, whereas the other sub- 
stances are normal. Association leads to increase of boiling point. 
The energies of formation from the free atoms diminish and the dis- 
tances between the centres of the atoms increase, with increasing 
atomic weight of the halogen. 

It was formerly supposed that the associated molecules of hydrogen 
fluoride were (HF) fi , witli the six HF units arranged in the form of a 
hexagonal ring. Electron diffraction by the gaseous acid (p. 439) shows 
that polymers ranging from (HF) 2 to (probably) (HF) 5 are present, and 
that they are of zig-zag form : 

/ ¥ \ / F \ 

H ir H }± H 

\f*‘ \F y \f 

with the F — F distance 2*55 A., and the H — F — H bond angle 140°. Solid 
hydrofluoric acid also contains long zig-zag chains of molecules. 

The interaction between one HF unit and the next, represented in the 
figure by a dotted line, is different from that of a normal covalent bond 
(p. 41 2), and is an example of what is called hydrogen bonding , the interaction 
leading to what are called hydrogen bonds , hydrogen bridges , or proton bonds . 
Such bonds are supposed to be present in the boron hydrides (p. 656). 

The stability of the hydrogen compounds as measured by their 
dissociation on heating is in the order HF>HCI>HBr> HI, i.e . in the 

* From £ (Br a ) gas. t From j [I 2 ] solid. 
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order of the heats of formation. Thus, hydrogen iodide is appreciably 
dissociated at 360° but hydrogen chloride only slightly at 1000°. The 
halogens displace one another from their binary salts in the order of the 
heats of formation, viz. : F -Cl *Br--*I. In the oxygen compounds 
iodine can displace chlorine. 

A summary of the general properties of the other compounds would 
merely be a repetition of information already given. Attention may bo 
drawn to the decreasing stability of the acids HOX and their salts from 
chlorine, through bromine, to iodine, and the increasing stability of iodic 
acid as compared wjth chloric acid, bromic acid being anomalous. The un- 
usual formula H 5 l() 6 of the common periodic acid, and the non-existence of 
oxyacids of fluorine and (if perbromic acid, should be noted. 



CHAPTER XX r 

ATOMIC HEATS AND ISOMORPHISM 

The determination of atomic weights. — The methods used in deciding 
which multiple of the equivalent of an element is the atomic weight have 
already been referred to briefly (p. 110). The application of these 
methods gives a valuable cheek on the atomic weight. Jf the atomic 
weight has been fixed approximately from the specific heat, the vapour 
density of one volatile compound may be valuable confirmation, 
although it could not alone give a certain result, since it could not be 
assumed that the compound contains only one atom of the element. 

Atomic Heats. 

Dulong and Petit’s Law. — P. L. Pulong and A. T. Petit in 1810 
discovered a simple relation between the atomic weight A and specific 
heat c of a solid element, viz., that the product of the atomic weight and 
specific heat, which they called the atomic heat, is constant, Ac = const. 
-6*3 g. cal. Dulong and Petit’s law asserts that the atomic heats of solid 
elements are constant and approximately equal to (>-3 g. cal. In some cases, 
especially metals, the constant is about fi*4. The table on p. 345 gives 
results determined near atmospheric temperature. 

To obtain agreement with the law, Dulong and Petit had to alter 
some atomic weights current at the time : except in one or two cases 
these modifications have been confirmed. 

Quantities of solid elements in the ratio of their atomic weights are 
raised through equal tern peraturcs by ident ical quantities of heat. The 
heat capacity of a solid element is a property of its atoms, and Dulong 
and Petit expressed their result in the statement : the atoms of all 
solid elements have the same capacity for heat. 

By assuming that the mean energy of a monatomic solid due to atomic 
vibration is half kinetic and half potential (as in small vibrations), and that 
the kinetic energies of the atom of the solid and that of a monatomic g<is are 
equal at the same temperature (Maxwell’s law of equipartition of energy), 
Boltzmann (1871) showed that the atomic heat of the solid should be twice 
that of the monatomic gas, viz. 2 x 3 0 g. cal. (p. 127). 

The present exceptions to Dulong and Petit’s law (which give atomic 
heats smaller than 0*3) are elements of low atomic weight and high 
melting point. Thus, sodium (at. wt. 23 ; m. pt. 97*fi°) conforms to the 
law, beryllium (in. pt. 1280°), boron (in. pt. over 2000°), carbon (m. pt. 
over 3500°) and silicon (m. pt. 1420°), with atomic weights lower than 
30, and high melting points, all have atomic heats appreciably smaller 
than 0*3. 
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Table 

of Atomic Heats 

Atomic heat = 



Specific heat. 

Atomic weight 

Element. 

Atomic woi 

ght. (20 J to 100°). 

v Specific heat. 

Arsenic 

74*9(3 

0-0827 

(5-22 

Bismuth - 

- 208*0 

0*0303 

(3-30 

Bromine (solid) 

79-92 

0*0705 

5*153 

Calcium - 

40-07 

0-119 

5*97 

Cobalt 

58*97 

0-1030 

(3*03 

Copper 

- (33-57 

0-0928 

5*90 

Cold 

- 197*2 

0*031(3 

(3*23 

Iodine 

- 12(3*92 

0*0524 

‘ (3 (34 

Iron - 

55-84 

0-109(3 

(3-12 

Load 

- 207*2 

0*0309 

0*41 

Lithium - 

(3*94 

0*94 

6*52 

Magnesium 

- 24*32 

0*2492 

(3*06 

Mercury (solid) - 

- 200 (3 

0-0335 

(5*72 

Nickel ’ - 

58 *(38 

0-1084 

6*36 

Phosphorus (while) 

31-04 

0*1981 

(3-20 

Platinum - 

- 195-2 

0*0320 

6*25 

Silver 

- 107*88 

0*05(30 

(J-04 

Sulphur - 

32*0(3 

0-1751 

5* (31 

Tin - 

IIS-7 

0*055(5 

6 -(52 

Uranium - 

- 238-2 

0*0280 

(3(37 

Zinc - 

(35-37 

0-0944 

(3*17 


Atomic weights from specific heats. — Dulong and Petit’s law gives 
an approximate value of the atomic weight of a solid element : 

Atomic weight = 0*3-: Specific heat. 

A volatile chloride of uranium has the percentage composition : uranium, 
62*t3f>, chlorine, 37*34. The equivalent of uranium, the weight combining 
with 35*5 part's of chlorine, is (32*50 * 35-5, 37-34 59*55. The vapour 

density of the chloride was found by Ziminermann to bo 191 (H— 1), hence 
the approximate molecular weight is 191 < 2 - 382. This contains 37*34 x 
382/ J 00--; 142*5 parts, nearly equal to 4 * 35-5 142 parts or four atoms of 

chlorine. The formula of the chloride is l r x CI 4 , where x ~ 1, 2, 3, 4 ... etc. 

The weight of uranium in a molecular weight of the chloride is approxi- 
mately 382 142*5 239*5, nearly equal to 4 \ 59*55 -- 238-2, be. four tirnos 

the accurately determined equivalent. Thus U r - 238*2. It has still to be 
decided whether this is the atomic weight of uranium, or a multiple of it. 
The following formulae of the chloride are possible : 

Formula. At. \vt. of Cranium. 

UC1< 238*2 

U 2 C1 4 119*1 

U a CI« 79-4 

U 4 CI 4 59*55 

r flie specific heat of solid metallic uranium is 0 027(55 ; hence, by 
Dulong and Petit's law, the atomic weight of uranium is approximately 
(3-4 r-0 02705 232. This shows that the exact value is 238-2, and hence 

the formula of the chloride is UC1 4 . 
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It must be noted that the atomic weight from Dulong and Petit’s law 
is only approximate , and is used to decide on a multiple of the exact 
equivalent. 

Atomic heats at high temperatures. — Weber in 1875 found that the 
specific heats of boron, carbon, and silicon increase fairly rapidly with 
temperature, and the same was found for beryllium by llumpidge 


in 1885. 

Diamond. 

Graphite*. 
y C. At. ht. 

Boron. 

Silicon 

Beryllium. 

°C. At. ht. 

°C. At. ht. 

°C. At, ht. 

°G, At. ht. 

- 50 0*76 

-50 1 37 

- 40 2*11 

-40 3*81 

0 3*42 

10-7 1-35 

10*8 1 92 

26*6 2*62 

21*6 4*75 

100 4*28 

58*3 1-84 

61-3 2*39 

76*7 3*01 

86 5*32 

200 4*93 

]40 

2*66 

201*6 3*56 

177*2 3*63 

184*3 5*63 

300 5*38 

247 

3*63 

249 3 3*90 

233 2 4 33 

232*4 5*68 

400 5*61 

615 

5*33 

640 5*40 

— 

— 

500 5*65 

808 

5*44 

832 5*42 

— 

— 

— 

980 

5*47 

980 5*63 

— 

— 




At high temperatures the atomic heats approach the normal value 
6*3 (Fig. 181). The atomic heats of some elements, which arc normal 
at the ordinary temperature, also increase with temperature. The 



atomic heat of platinum in the interval 20° - 1300° is 7-01. Those of 
lithium at -50°, 0 U , 100° and 190° are 4*83, 5*22, 7-22 and 9*54 
respectively. 

Atomic heats at low temperatures. — The atomic heats of ail solid 
elements decrease to small values at low temperatures, some more 
rapidly than others, and at the absolute zero ( - 273°) the atomic heats 
are probably all zero. In the case of diamond, the atomic heat is 
actually zero at finite temperatures below - 230°. 
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Element. 

Atomic heat 

Atomic heat 

Atomic 


+ 20° to 100°. 

-188° to +20°. 

253" to 

Carbon 

- 2*4 

1*15 

0-03 

Aluminium - 

- 5-9 

4-73 

M2 

Silicon - 

. 5-2 

3-34 

0*77 

Iron 

- 6-4 

4-80 

0-98 

Copper 

- 6-0 

5*01 

1*56 

Zinc 

- 61 

5-53 

2*52 

Silver - 

- <M 

5 51 

2*62 

Lead 

- 6*4 

6-21 

4*96 

The atomic heats of diamond are 



Temperature °C. 

- 89li 85 

- 41 -64 -181 

- 231 

Atomic heat - 

- 5-45 2- 12 

0-86 0-66 0*03 

0*00 



Fio. 182. — Atomic heats at low temperatures. 


The following results were obtained by Kamerlingh Onnes and Keesom 
(1915), at the temperatures of liquid hydrogen : 

Load. Copper. 

Temp. iihs. Atomic heat. Temp. abs. Atomic heat. 

14- 19° 1*56 1 5-24 L 00500 

22-31° 2*98 21*505° 0-1414 

46-25° 6*04 

The dopondenee of atomic heat on temperature is shown for a few 
elements in the curves of Fig. 182 from the experiments of Nemst. 

The quantum theory of the specific heats of solids. — The rapid fall in the 
specific heats of solids at low temperatures, and the convergence to zero 
near the absolute zero, is predicted bv the quantum theory of Planck (1900). 
According to this, the atoms in a solid do not take up heat energy continu- 
ously but in finite quanta. The value of the quantum e varies from element 
to element and is equal to hr, where h is a universal constant equal to 
6-6 x 10~ 27 erg sec., known as Planck’s constant, and v is tho atomic frequency, 
characteristic of each element, and the frequency of atomic vibration in 
the solid* 
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The tfc deviations ” from Dulong and Petit's law at low temperatures are 
explained by the theory ; this law is a limiting case of a more general law, 
and is approximately true only at higher temperatures. According to 
Einstein (1907) the atomic heat of a monatomic solid element is given by 

Atomic heat ~ 3R - --- - 
(c* - 1 )« 

where ar-hv/k T, h being Planck’s constant and k Boltzmann's constant, or 
the gas constant per molecule , k--R/N, whore R is the molar gas constant 
in absolute units and N is Avogadro’s number. 

The atomic heat in this formula is that at constant volume, C v --- Ac v , 
whilst those in the table on p. 345 are at constant pressuro, C p -Ac J)t and 
are rather larger than the theoretical value. 



abs. 

It follows that when e (and therefore x) is very small and T is not too 
small, e® > 1 + x, hence ar 2 r®/(e® - l) 2 * 1, or the at omic heat is 3R, the value 
required by Dulong and Petit's law, since in heat units (p. 121) Ris 1*988, 
hence 3R = f>*9t> g. cal./l°. The atomic heats at constant volume, Ac v , 
are often in good agreement with this value (G. N. Lewis, 1907). 

The increase of C v above 3R 5*9(1 at high temperatures is due to the heat 
capacity of the electrons in a metal, and theory shows that in such a case 
C v =-• 3R-t CT (f/> 0). Thus the curves when extrapolated to T - 0 should 
give the value 5*90. This is confirmed for platinum and copper. 

When the quantum is large there is less energy absorbed than if (Absorp- 
tion were continuous, and the atomic heat is abnormally low. Those results 
are shown graphic-ally in Figs. 183- 4, in which the ordinates give the number 
of quanta absorbed and the abscissae (in which A 7 , atoms out of a total of 
N 0 have no energy, A T 2 - Ap have one quantum (t ), A 7 ., - JV 2 have two quanta 
(2e), etc.) arc such that the area luidor the curve is proportional to the 
energy content. The continuous curve represents tho result- for continuous 
absorption (total area 3R7' : Dulong and Petit’s law). It is seen that the 
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shaded area (quantum absorption) is only a small fraction of that under the 
curve when the quantum is large (aluminium) but very nearly this area when 
the quantum is small (lead). This is in agreement with the figures in the 
table on p. 347. 

According to Debye (1912) the atomic heat of a solid at very low tem- 
peratures is proportional to the cube of the absolute temperature. At. 
ht. — aT*. This was confirmed by Nernst and others. 

Molecular heat of a compound. — An extension of Dulong and Petit’s 
law was made by F. Neumann in 1831 , who found that the specific heats 
of solid compounds of similar composition utp inversely proportional to 


ir molecular 'weights. Thus : 

Molecular 

Specific. 

Molecular 

Substance. 

weight. 

heat. 

heat. 

(’alcium carbonate, - 

- 100 

0-2044 

20-44 

Magnesium carbonate, MgC0 3 

- 84 

0-2270 

19 1 

Ferrous carbonate, Fc(T) 3 

- 11(5 

0-1819 

21-1 

Zinc carbonate, ZnC0 3 

- 125 

0-1712 

21*4 

Barium carbonate, BaC0 3 > 

- 196 

0-108 

21-1 

Lead carbonate, PbC0 3 ’ - 

- 266 

0-081 

21*6 


The molecular heat of a solid compound is the specific heat multiplied 
by the molecular weight, and Neumann’s law shows that the molecular 
heats of similar compounds are equal . The molecular heats of the 
carbonates of the, general formula R00 3 are approximately 20 ; the 
sulphates R80 4 of the same metals have a molecular heat of about 25. 

The relation between Neumann's and Dulong and Petit's laws was 
pointed out by Joule in 1844. Joule’s law (often called Woestyn’s law) 
states that- the molecular heat of a solid compound is the sum of the atomic 
heats of its constituents. 

This was confirmed by Kopp (1805). It indicates that the heat 
content of a solid resides in its atoms. With gases the case is different, 
since the kinetic* energy of the molecule is predominant. 

The molecular heat of lead iodide may be calculated from the sum 
of the atomic heat of lead and twice the atomic heat of iodine : PbT, - 
6*41 t 2 - (HU - 19-09. The observed value is : (Pb i- 21) x sp. ht. of lead 
iodide - (207 -f 2 > 127) n 0-0427 * 19-08. 

Joule's law gives the atomic; heats of elements in the solid state in cases 
whore these cannot be directly determined. 

Specific heat of silver chloride -0-091 ; molecular beat of AgCl = 
0-091 * (10Si 35-5) - 13-01. This is the sum of the atomic beats of silver 
and of solid chlorine : hence atomic beat of solid chlorine 

molecular heat of silver chloride - atomic boat of silver 
= 13-01 0-04 097. 

From the molecular heats of compounds, Kopp deduced the following 
atomic heats : 


Boron - 

- 

- 2*7 

Phosphorus - 

- 5*4 

Carbon - 

- 

- 1-8 

Sulphur 

- 5*4 

Silicon - 

- 

- 3-8 

Oxygen 

- 4-0 
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These agree with the determined values at 0°~100° (except for oxygen), 
although they are all abnormal . The abnormal atomic heats are therefore 
preserved in combination. 


CRYSTA LLOG APIl Y 


Crystals. — A distinction is drawn between crystalline and amorphous 
substances. The most obvious difference is that of external form : 
amorphous solids are found in irregularly-shaped pieces ; crystals 
usually have definite shapes. Another difference is in the fracture : 
crystals break into pieces with plane faces meeting in sharp edges, 
whilst amorphous solids sueh as glass or pitch break into very irregular 
pieces, showing curved faces with concentric rings such as are seen 
inside an oyster-shell. These two kinds of fracture are known as 
crystalline fracture and conchoid al fracture, respectively. 


With the exception of crystals of the regular system (see below) all frag- 
ments of crystals act on polarised light, and if the powder is examined under 
a microscope so that the light enters a pair of crossed Nicol prisms, and 
is therefore totally extinguished, light passes through 
the interposed crystal grains, whirl i are seen coloured 
on a dark ground. Again, if a crystal of gypsum is 
touched with a red-hot- noodle on one face, a white 
patch of anhydrous calcium sulphate develops (Fig. 
185): (-aS0 4 ,2H 2 0 ( 1 aS() 4 } 2H.X). This patch is 

elliptical, showing that heat- is conducted more readily 
in one direction than in the perpendicular direction. 



big. J 85. Gypsum \y ( > thus recognise definite internal structure in the 
o f^symmetn^. 1 ^ P aUe> crystal, which determines the outer form. Even 
if the outer form is destroyed by powdering, the 
internal structure remains. If the above experiments are tried with a 
piece of glass, no light passes the crossed Nicols, and if the glass is 
coated with paraffin wax the latter is melted in a circular patch when 
touched with a hot needle. The internal structure is more important 
than the external form. 

The internal structure of a crystal is due to a definite, ordered arrange- 
ment of the atoms, ions, or molecules, and this arrangement can be 
detected by the effect of the crystal, even in powder form, on X-rays. 
The molecular structure' is in general symmetrical — a definite pattern is 
repeated over and over again in definite directions in space, in the 
same way as the pattern of wall-paper in two dimensions. The 
internal symmetry corresponds with an external symmetry of the 
crystal form. 

Symmetry of crystals. -The symmetry of a crystal form is determined 
by regularities in the positions of the similar faces, edges, etc. A 
crystal having all its faces alike is a simple form : both the cube and 
octahedron in Fig. ISO are simple forms, because all faces of the first 
are identical squares, and all those of the second are identical equilateral 
triangles. A crystal having sets of faces corresponding w r ith two or 
more simple forms is called a combination form : the crystal of galena 
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shown in Fig. 186 is a combination of the cube and the octahedron and 
contains sets of faces derived from each. 

The regularities in the positions of faces, edges, etc., are defined in 
terms of planes of symmetry, axes of symmetry, and a centre of symmetry. 



Cube. 



Octahedron Combination of rube 
and octahedron. 

Fig. 1 80. 



Fig. 1 87. — Epsom 
salt Crystal. 



A plane of symmetry divides a perfect crystal into two similar and 
similarly- placed halves, each the mirror-image of the other. Thus, 
a crystal of gypsum is divided by the plane 4 shown in Fig. 185 into two 
such halves, and this is the only plane of symmetry possessed by the 
gypsum crystal. An w-fold (or r?-gonal) axis of symmetry is an axis 
such that a crystal rotated around it occupies the same position in 
space n times in a complete turn. The axis shown in 
Fig. 188 is an axis of fourfold symmetry, since the 
cube takes up the same position four times on rota- 
tion through 360' about this axis. Axes of two-, 
three-, four-, and six-fold symmetry occur, when 
the crystal comes to occupy the same position in 
space 2, 3, 4, or 6 times in a complete revolution, 
i.e. on rotation through 180°, 120°, 90°, or 00°. 

The Epsom salt crystal in Fig. 187 appears to ^ 188 ^ xjs 
have an axis of Uro-io\(\ symmetry. But if the symmetry of rube, 
right-hand upper sloping face is rotated through 
90° and then supposed reflected in a horizontal plane, we obtain the 
lower left-hand sloping lace as a virtual image. This crystal is said to 
have an alternating axi* s* of f on r fold symmetry. 

A polar axis is one such that the groupings of faces about its two 
ends are different. The quartz crystals in Fig. 345 have polar axes. 

A crystal has a centre of symmetry when like 
faces are arranged in pairs in corresponding posi- 
tions oil opposite sides of a central point. 

A cube has 9 planes of symmetry (Fig. 189), 13 
axes of symmetry (3 of fourfold, 4 of threefold, and 
(» of twofold symmetry), and a centre of symmetry. 
It has 23 elements of symmetry, the highest number 
possible in a crystal. Some crystals have no plane 
of symmetry, others no axes of symmetry, others 
Fig. 189. --Planes of no L . e ntre of symmetry, and some have no element 
symmetry of cube. „ . \ 

17 J of symmetry at. all. 

The crystallographic symmetry depends on the internal structure and 
need not correspond with the geometrical symmetry except, in the perfect 
crystal, since the crystal may have certain faces developed to a greater ex- 
tont than others. The angles between the faces, however, are the same both 
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in the ideal crystal and in the distorted crystals, and these angles are im- 
portant in determining the crystal form. The angles between the faces of 
. the perfect and distorted octahodra in Fig. 190 

/j\ are identical. 

L A. \ This law of constant interfacial angles was 

/\ / \'\ \ enunciated by Nicolas Steno in 10(39. It is 

- - 7 approximate, since sliglit differences in inter- 

\ . iy facial angle may occur in different crystals of 

\\A • y the same substance. 

V\;V Crystal systems. — A simple classification 

v of crystal forms is into crystal systems, 

Fio. loo.— Ideal and dis- related to the crystal axes. The position of 
torted octahodra, showing any crystal face is defined by intercepts 
th^ftu*el? °* ang,0S ljetwocn made on three axes intersecting in a point 
11 a c inside the crystal. If a suitable number of 

axes of symmetry exists, three may be chosen as crystal (crystallo- 
graphic) axes, but the latter need not be axes of symmetry. 

Six types of crystallographic axes are usually chosen : 

(1) Three equal axes at right angles : this corresponds with the cubic or 
regular system. 



.-•+f fV-.. 






Fig. 1 9 1 . — Triakisootahodron 
(three-faced octahedron ). 


Fig. J 92. - Icosi- 
totrahodron. 


Fig. 193.- Hoxakisoctahodron 
(six-faced octahedron). 


Fig. 196 I. shows the ^ 

regular octahedron, the typi- yf yv 

cal pyramid form of the yy \ x. 
regular system, and the /y 

cube, the typical prism /*' \ - /- r -y — A 

form. C \y^ y\ /X j Vf / N*\ 

The other simple forms \ \ / \r~' \ yy i \ y r) 

of the system arc the \ Xy' \ yy X \ y\y' \ / 
fcriakisoctahedron (Fig. 191), x. \ \ yj 

the icositetrahedron (Fig. xA // lAlX- 

192), the hexakisoctahedron 

(Fig. 193), the rhombdodeca- f ig- 194.- -Rhornbdodeea- Fig. 195,- - Tetrakis- 
hedron (Fig. 194), and the , “’ tiron - hexahedron (four- 

tetrakishexahedron (Fig. 195). f ‘ 

Combinations of these forms also occur. 

(2) Two equal axes meeting at right angles and a third longer or shorter axis 


Fig. 195,- Tetrakis- 
hexahedron (four- 
faced cube). 
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meeting these at right angle s. This constitutes the tetragonal system. Typical 
pyramid and prism forms arc shown in Fig. 190 II. There are two orders 
of pyramid and prism forms, according as the horizontal axes terminate 
at the angles or the middle point of the faces. 

Tf the length of the vertical axis is denoted by c and the lengths of the 
horizontal axes by a and h % with appropriate signs, the nubia system may he 
denoted by (a a a) and the tetragonal system by (a a r). 

(3) In the hexagonal system there are four axes, three equal and intersecting 
in the same plane at angles of 6(F, and a fourth axis , greater or less than these , 
at right angles (a a a c). There are two types of pyramid and prism forms, 
according as the lateral axes meet angles or the mid -] n ants of faces. Typicul 
pyramid and prism forms are shown in Fig. 196 III. 



Priam. Pyramid. Prism. Pyramid. 

1. Regular. II. Tetragonal. 



Prism. Pyramid. Prism. Pyramid. 

III. Hexagonal. IV. rhombic. 



V. Monoclinio. VI. Triclinic. 

Fig. 196. — Crystal systems. 


(4) Tn the rhombic system there are 
three unequal axes all at right angles 
(a b e). Any one may be taken as 
the vertical axis (c), the other two 
being then lateral axes. The longer 
lateral axis is the macro-axis, the 
shorter the brachy-axis. 


Pyramid and prism forms exist (Fig. 196 IV.), and new types of faces 
known as domes and pinakoids appeur. Prism faces developed parallel to 
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one of the lateral axes, and intersecting the other two axes, are dome faees. 
Those parallel to the longer or macro-axis are macrodomes ; if parallel to 
the shorter or braeliy-axis they are brachydomes (Fig. 107). 

Prism faces intersecting one lateral axis and paraliol to the other two 
axes are pinakoid faces ; macropinakoids intersect the macro-axis and brachy- 

pinakoids the brachy-axis. These 
are the diamond -shaped end 
faces in Fig. 197. In Fig. 198 
(representing a crystal of barytes 
BaSOJ the faces marked 010 
constitute a macropinakoid, in 
this case a basal pinakoid ; the 
faces 101 are macrodomes. 
The faces belonging to the prism 
form are marked 001. This 
notation is explained later. 

(5) In the monoclinic system there are three axes of different lengths , two 
intersecting at an oblique angle , whilst the third is at right angles to the plane 
of the other two (Fig. 196 V.). Pyramid and prism forms, pinakoids and 
domes occur. Tho vertical axis is denoted by c ; the 6-axis or ortho-axis is 
at- right angles to tho vertical axis, whilst the inclined or a -axis is the clino- 
axis. The angle between the vertical axis and clino-axis is called the angle jS. 

(6) In the triclinic system there are three unequal axes intersecting one 

another obliquely (Fig. 101 001 




Brachydome. 
Fig. 197. — Dome and pinakoid faces. 


selected as the vertical 


r ' ° 

axis, the other two are 

MA : YAA/- ,Jr r'A>y\ 


the macro-axis (longer) tlQ 

W/.f /?///////, 


and the brachy-axis 




o 4 — OiO 


angles between the axes 
are a, f$, y. 


Fig. 198.- 


10V 

-Barytes crystal. 


Sometimes the rhombohedral system is taken as a seventh separate 
crystal system, but it is here regarded as containing hemihedral forms 
(see below) derived from the hexagonal system by suppressing half the 
faces. If all such derived forms were put into separate classes, the 32 
symmetry groups (p. 357) would he obtained. 

Most minerals belong to the monoclinic or rhombic systems ; of 565 
minerals listed by JBeckenkarnp, 186 wore monoclinic, 155 rhombic, 85 
regular, 51 rhombohedral, 36 triclinic, 32 tetragonal and 20 hexagonal. 


Hemihedral forms. — Those forms in any system which have the full 
number of faces required by the symmetry of the system are called 
holohedral forms. If only half this number of faees are present, the form 
is known as hemihedral. Forms having only one quarter the full number 
of faces required by the symmetry of the system are called tetartohedral. 
(In the modern classification into symmetry groups, these are holohedral 
forms in separate classes.) 

A hemihedral form is produced by suppressing half the faces of the 
holohedral form and producing the remainder to meet in new edges; 
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Fig. 199 shows the form obtained by producing alternate faces 
of the regular octahedron : it is the regular tetrahedron, having 
four faces instead of eight. The tetra- 
hedron is the hemihedral form of the 
octahedron. 

Important hemihedral forms occur in 
the hexagonal system. By developing 
alternate faces of the hexagonal pyramid 
(Fig. 200) the positive or the negative 
rhombohedron (Fig. 201) is obtained. 

From the dihoxagonal pyramid with 24 
faces, obtained by the combination of two 
hexagonal pyramids, two kinds of hemi- 
hedral forms are produced : (i) suppres- 
sing alternate pairs of faces (Fig. 202) 
gives the scalenohedron (Fig. 203) ; (ii) 
suppressing alternate faces (Fig. 204) gives the trapezohedron (Fig. 205). 



Fig. 199. — Relation of tetra- 
hedron (hemihedral form) to 
octahedron (holohodral form). 



Fig. 200. Fig. 201. 

Hexagonal Positive Negativo 

pyramid. rhombohedron. rhombohedron. 


The peculiar zig-zag 
forms of the lateral edges 
of t he scalenohedron and 
the trapezohedron will 
ho observed, whilst the 
corresponding edges of 
the holohedral forms lie 
in a plane. Positive and 
negative hemihedral and 
also tctartohedraJ forms 
occur, which are not 
considered here. 




Fig. 202. Fig. 203. 

Dihexagonal Scalenohedron. 
pyramid. 



Fig. 204. 
Dihoxagonal 
pyramid. 



Fig. 205. 
Trapezohedron. 


Many of those forms occur in natural crystals of ealcito (CaC0 3 ), and 
sometimes in twin crystals (p. 350), so that they often differ completely in 
appearance. 
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Twin crystals. — Two or more individual crystals may grow in contact so 
that neither is complete, and twin crystals (Fig. 200) are formed. The two 
crystals may coalesce except fur a few faces, as in Fig. 207. 

Crystallographic nota- 
tion. — The form shown 
in Fig. 208 contains two 
sets of faces, the set 
a, b, c and the face o. 
Through the centre 0 
draw axes OX, OY, Oft 
parallel to the faces, 
These are the crystallo- 
graphic axes. In the 
general case (lor a tri- 
clinic crystal) they will be oblique, and the angles Y Oft - a, XOZ~ft 
and XOY — y will not be right angles. Each prism face cuts one axis 
only, since it is parallel to the other two, and the intercepts are the 
distances a , b and c from (). If we imagine the face o extended in all 
directions it will intercept all three axes : whatever the size of o its 
intercepts will remain in the same ratios . These ratios, generally 
denoted by a : b : c for the intercepts on the x, y and axes, wore 
called by Weiss (1818) the parametral ratios, the face o being the para- 
metral plane. For the other pyramid 
faces the parametral ratios are a : -- b : c, 
a : b : ~ c and a : - b : - c. 

In all cases (whether the axes are rect- 
angular or inclined) it is found that if o 
is an actual crystal face, tho intercepts 
of any other actual face on the crystal can 
be expressed by the ratios rmi : rib : pc, 
whore m , n, p are oithor small rational 
numbers or infinity. For example, 
the prism face 6 makes intercepts 
oo a : 16 : x c, since it is parallel to OX 
and Oft and its intercepts are infinite, 
whilst it cuts OY at a point which may 
be taken as the intercept of a face (shown 
dottod as the triangle A B C) parallel to o. 

This law of rational intercepts was implied 
in the attempts of Haiiy since 1781 ( Kasai < Vune Theorie sur la Structure 
des Crystaux, 1784) to show that derived forms may be produced by the 
decrements of successive layers of what he called integrant molecules , the 
form of which is that of the cleavage figure. The forms of rock-salt, 
for example, are produced by packing the hypothetical cubic integrant 
molecules together, and the development of an octahedral face ABC is 
shown in Fig. 209. 

Haiiy’fl idea was developed mathematically by Bravais (1848), who also 
recognisod the relation between the arrangement of the particles and the 
cleavage of a crystal. He replaced the idea of a packing of integrant 


z 



Fia. 208. — Crystallographic 
axes. 



Fluorspar. Gypsum. 
Fig. 200.- Twin crystals. 



Fig. 207. ■ -Twins of 
right- and left-handed 
quartz. Partial and 
complete interpenetra- 
tion. 
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molecule** by a structure in which the ultimate particles, which are considered 
as spheres in contact, are arranged in a space lattice, of which he recognised 
J4 types. By considering the grouping of 
points (representing the centres of atoms) in 
space lattices (Fig. 210), it has been shown 
that there are 230 generalised typos, such 
that the assemblage around any selected point 
is the same as, or the mirror-image of, the 
assemblage around any other point- in the 
lattico. Those 230 typos may be allocated 
to classes according to symmetry. It is found 

mathematically that there are 31 possible com- j,« ro Integrant mole- 

binations of the elements of symmet ry in cules according to Hauy. 
crystals obeying the law of rational intercepts, 

so that if we add the case where there are no elements of symmetry, 
we obtain 32 symmetry groups. Of these, eleven include nearly all the 
common crystalline substances. The question as to what particles occupy 
the lattico points can now be decided, in principle, 
by X-ray analysis. 

In the usual or Miller system (1839) of crys- 
tallographic notation, the axial ratios a : b : c are 
first calculated from the intorfacial angles; the 
intercepts oc a : 16 ; x r, for example, are then 
a b c 

written : , and the denominators enclosed 

0 1 0 

in a bracket are the Miller indices of the face : 
(010) for the face h and (111) for the face o in 
Fig. 208. In the case of negative indices the 
sign is placed over the index: (ill). 

As an example, consider the triclinic potassium diehromate crystal in 
Fig. 211. The edges selected for the directions of the three crystallographic 
axes OX, OY , OZ are the intersections of the faces IS and 0, C and A, and 
A and IS, respectively. Hence 
the faces .-1 , B and C will have 
the indices (100), (010) ami (00 J) 
respectively. The parametral 
face chosen, giving the basic rat io 
a : b : e, is p, and since it cuts the 
axis 0/j at its negative end, its 
indices will be (111). The ratios 
a :b :c and the angles a, fS, y 
between the axos (a -YOZ; 
ft = XOZ ; y^XOY) are calcu- 
lated from the different angles 
which these four faces *4, B , C 
and p, make with one another. They are a : b : c- 1-0116 : 1 : 1-8416 ; 
oe*s98° O', ft = 96° 13', y~90° 51'. (It is customary to put the b axis 
ratio equal to unity, the ratios for the a and c axes being adjusted 
to correspond with this). The indices of the remaining faces are 



Fin. 21 1. — Potassium diehromate crystal. 



Km. 210.— Space Lattice 
of sodium chloride. 
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then found to bo (as they are loitered in the figure): s(l()T), 
r(101), ro(110), n(llo), </(0l 1 ), *(012), o(lll), obeying the law of 
rational intercepts. 


Isomorphism. 


Isomorphism. — The Abbe Haiiy (J 743-1 822), the founder of crystal- 
lography, laid down as fundamental axioms that : (i) identity of crystal- 
line form (except in the regular system) implies identity of chemical com- 
position ; and conversely (ii) 
difference in crystalline form, 
implies difference in chemical 
composition. 

Exceptions were known. 
Klaproth (1788) showed that 
calcium carbonate crystallises 
in the hexagonal form as cal- 
eite and in the rhombic form 
as aragonite. Romo de l’lsle 
(1772) observed that copper 
sulphate and ferrous sulphate 
crystallise from mixed solu- 
tions in the form of the latter. The alums have the same crystalline 
form but differ in chemical composition (Fig. 212). 

Mitscherlieh (1819) showed that phosphates and arsenates of similar 
composition and containing the same amount of water of crystallisation, 
have almost exactly the same crystalline form : 



Fig. 212. — Crystals of common alum (left) 
and chrome alum (right). 


Na 2 HP0 4 + 12H 2 0, disodium hydrogen phosphate, 
Na 2 HAs0 4 + 12H 2 0, disodium hydrogen arsenate. 

In the case of NaH 2 P0 4 4 H 2 0 and NaH 2 As0 4 + H 2 0 the ordinary 
crystalline forms differ, but the phosphate sometimes crystallises in 
a form identical with the common form of the arsenate. 

Mitscherlieh pointed out that the existence of rhombic and monoclinic 
sulphur shows that elements may have different crystalline forms. 
One substance (element or compound) may have two distinct crystal- 
line forms, and is then called dimorphous. If it has more than two 
forms it is called polymorphous. 


The capacity of different substances of cryst allising in the same form? 
Mitscherlieh called isomorphism ; substances crystallising in the same 
form are isomorphous. Since many analogous compounds of phosphorus 
and arsenic are isomorphous, the name was applied to the elements 
themselves. Isomorphous elements form similarly crystallising compounds 
with the same elements or radicals, and can replace one another in 
compounds without essential alteration in crystalline form. (It is not 
necessary that the free elements shall have similar crystalline forms, 
although this may be the case.) 
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Mitsoherlich at first thought that the same number of atoms combined 
in the same manner produce the same crystalline form, no matter what is 
the chemical nature of the atoms. This generalisation was afterwards 
limited to the statement that an atom can be replaced by another without 
producing a change of form only when the elemonts are alike chemically. 

Accurate measurements of crystal angles showed, as Mitscherlich con- 
jectured, that the law is only approximate. In 1812 Wollaston had found 
with the reflecting goniometer that the corresponding angles in caleite, 
dolomite, and spathic iron ore are 74 55', 73' 45', and 73 ; O'. Except 
in the regular system, the replacement of an atom by an atom of an 
isomorphous element leads to a change in crystal angles which may be 
small but may bo several degrees. Haiiy’s first axiom is therefore correct 
in the strictest sense. 

Tutton (1893-1925) found that the crystal angles in isomorphous 
sulphates and selenates of potassium, rubidium, and caesium change slightly 
when one isomorphous element (K, Kb, Os, or S, Sc) is replacod bv another. 
The change, expressed in terms of the ratios of the lengths of the axes a , 6, 
r, depends in a regular manner oil the atomic weight, of the element : 

K,S(> 4 a : b : c-0*5727 : 1 : 0-7418 

Kb,S0 4 a :b: c- 0-5723 : I : 0-7485 

<V* 2 S0 4 a :b:r- 0*5712 : ! : 0-7531 

(NH 4 ).S0 4 mb: c- 0*5035 : I : 0-7319 

The other properties (molecular volume, refractive indices, coefficients 
of expansion, thermal conductivity) alter with the crystal angles, showing 
that the form is closely related to the nature of the atoms in the crystal. 

Isomorphous elements. — Tt is possible to classify the elements into 
groups, the members of each group, capable of replacing one another 
without sensible alteration of crystalline form, being called isomorphous 
elements. 

I. Cl, Hr, T, F ; Mn (in permanganates, e.g. KMiiG 4 isomorphous with 
KC1() 4 ). 


11. 

S, Se ; To (in tellurides) ; (V, Mn, Tc (in 

the 

compounds K 8 K0 4 ) ; 


As and SI » in 

the glances M R*. 




111. 

As, Sb, Hi ; To 

(element) ; P, V (in salts) 

; N, 

P (in organic bases). 

IV. 

Iv, Na, ( *s, Kb, 

Li ; TI, Ag. 




Y\ 

Pa, Sr, Ha, Pb ; 

Fe. Zn, Mil, Mg ; Ni. 

C<>, 

Cu : 

Co, La, Pr, Nd ; Er, 


Y wit h Ca ; < 

Pu, Hg with Pb ; Cd, 

He, 

111 w 

ith Zn ; TI with Pb. 

VI. 

Al, Ke, Cr, Al n : 

; ( ’e, V in oxides K 2 () 

:v 



VII. 

Cu, Ag in lower 

- oxides ; An. 




vn r. 

Pt, Ir, Pd, Kh, 

Hu, Os ; Au, Fe, Ni ; 

Sn, 

, Te. 


IX. 

(', Si, Ti, Zr, r TJi, Sn ; Fe, Ti. 




X. 

Ta, Nb. 





XT. 

Mo, W; Cr. 






Several elements occur in more than one group. Chromium occurs in \ I 
with Al, Fe, etc. because of the isomorphism of the oxides K»0 3 , the 
ii in n mi n m it in 

spinels, RR' 2 0 4 , e.g. MgAI,0 4 , KeKo # Oj, FeCr,O if etc., and the alums, e.g. 
KAl(S0 4 )„12H f O,' KCV(Sb 4 ) 2 .12H 2 0, KFe(S0 4 ) 2 ,12H 2 0. It occurs in 
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gnoux) II because of the isomorphism of the salts K a S0 4 , K 2 Cr0 4 , K a Mn0 4 , 
etc. Manganese occurs in group V because of the isomorphism of the 
carbonates CaC0 3 . Fe00 3 , MnCO a ; in group VI because of the isomorphism 
of the spinels (containing tervalont Mn, Fe, etc.) ; in group IT because of 
the isomorphism of K*Mii 0 4 with K 2 S0 4 , etc ; and in group I because of 
the isoin()rx)hism of KMnO„ and KC10 4 . The relation between the 
valencies and the positions in the groups is clear. 

Atomic weights from isomorphism. — The application of isomorphism 
to the deduction of atomic weights is based on the axiom that isomor- 
phous compounds hare similar formulae. 

Potassium selenate crystallises in the same form as potassium sul- 
phate, hence Mitseherlich concluded that its formula is K 2 Se0 4 , corres- 
ponding with K 2 S0 4 . From its composition the atomic weight of 
selenium could then be calculated. Ferric oxide, chromic oxide, and 
alumina are isomorphous. The vapour density of aluminium chloride 
corresponds with the formula A1C1 V The formula of alumina will then 
be AljjO.,. We assume the formulae Fp 2 0. } for ferric oxide and Cr 2 0 ;t for 
chromic oxide, and from the compositions of the oxides the atomic 
weights of the metals may be calculated. Those are confirmed by the 
specific heats, which are O’ 1096 and 0-104 respectively. 

A good example of isomorphism is that studied by Roscoe m fixing the 
atomic weight of vanadium, file following minerals had the formulae 
given in- the second column assigned to them by Berzelius : 

Apatite, 3Ca,(P0 4 ) a + SOa^PO,). » CaF 2 . 

Pyromorj )hite, 3Pb,(P0 4 ), 4- PI>C[ 2 . 3Pb ;l (P0 4 ) 2 }-Pb01 2 . 

Mimelite 3Pb 3 (As0 4 ) a } Pb(M 2 . 3Pb 3 (As0 4 } 2 ! PbCl*. 

Vanadinite, 3Pb 3 V 2 0 6 4 -PbCl 2 . 3Pb 3 (V() 4 ) 2 |-Pb01 2 . 

In these lead and calcium, and arsenic and pliosphorus, replace each 
other, but the formula of vanadinite is different from those of the other 
compounds, although the minerals crystallise in the same form. Roscoe 
concluded that Berzelius had given the wrong formula to vanadinite. 

By reinvestigating vanadium compounds Roscoe was able to show that 
what was regarded as metallic vanadium by Berzelius was really an oxide 
VO. The formulae of the minerals, as shown in the third column, were then 
analogous. The atomic* weight of vanadium found by#Berzelius, (>8-f>, was 
the molecular weight of VO, and the true value was 68f>- 16 — 52*5. 
Roscoe found that the actual vanadium compounds used by Berzelius 
contained phosphoric acid, which is difficult to separate. By using pure 
compounds he found V — f>l *4. 

The minerals are now formulated as Ca 5 F(P0 4 ) 3 , Pb 6 CJ(P0 4 ) 3 , Pb fi CI 
(As 0 4 ) 3 , and Pb 6 Cl(V0 4 ).. 

Formulae of minerals.™ Since one element can partly replace an 
equivalent amount of an isomorphous element in a compound, the 
formula of the compound will not usually give a whole number of atoms, 
of each isomorx>hous element. Spathic iron ore FeCOj may have the iron 
partly rejilaced by isomorphous manganese. The proportions of the two 
metals may vary from Fe - 48-2 per cent and Mn ~ 0, to Fe - 0 and Mn - 
47*8 per cent. 
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Such an isomorphous mixture is represented by a formula such as 
(F©,Mn)C0 8 , the isomorphous elements enclosed in brackets behaving as an. 
equivalent amount of one element. The sum of the atomic proportions of 
Fe and M n combined with (\) 3 , must always be unity. 

Solid solutions. — Isomorphous substances may crystallise together 
from solution to form homogeneous crystals containing thorn in variable 
proportions. These are calk'd mixed crystals, hut a better name is solid 
solutions. These are also formed from a fused state. 

If chrome alum K( Y(S0 4 ) 2 J2H 2 <> and ordinary potash alum KA1(K0 4 ) 2 , 
12H 2 0, which form deep purple and colourless octahedral crystals respec- 
tively, are dissolved together in water and the solution crystallised, 
octahedral crystals containing both alums separate, with colours varying 
from pale to deep purple* according to the amount of chrome alum. 
Substances which crystallise in the same form but belong to different 
chemical types do not form mixed crystals, or only to a limited extent, 
whereas chemically analogous compounds may form mixed crystals evon 
though the crystal angles differ as much as 5 \ the resulting crystals having 
angles between those of the components. 

Retgers (J8S9) considered the property of forming mixed crystals an 
important criterion of isomorphism, also that the variation in the physical 
properties of the mixed crystal with the proportion of its constituents is a 
guide in deciding if the substances aro truly isomorphous. If the specific 
volume, i.e. the reciprocal of the density, is plotted against the proportions 
of the constituents, t he points must, according to Retgers, he on a straight 
line which shows no change of direction. The substances may be only partly 
miscible, in which case there is a gap in the lines but if they are isomorphous 
one part of the line is a continuation of the other. 

There are many exceptions to Rutgers's theory. Potassium and sodium 
chlorides crystallise in the same form and have identical lattices but do not 
form mixed crystals. The capacity for forming mixed crystals seems to 
depend on approximate equality of the volumes of the structural units. 
Ammonium sulphate (NH 1 ) 8 S0 4 , molecular volume (m.v.) 74, mixes in all 
proportions with rubidium sulphate Rb a S0 4 , m.v. 73, with potassium 
sulphate K 2 S0 4 , m.v. 65, and caesium sulphate (^SO^ m.v. 85, whilst potas- 
sium and caesium sulphates are completely immiscible, although they are 
isomorphous. 

Overgrowth crystals. — If an octahedral crystal of chrome alum is 
suspended by a thread in a saturated solution of potash alum, a colour- 
less overgrowth of potash alum is deposited on the violet crystal of 
chrome alum as a nucleus. A green crystal of nickel sulphate 
NiS0 4 ,7H 2 0 may be covered with colourless zinc sulphate, ZnS0 4 , 7H,0. 
Kopp (1879) regarded the property of forming overgrowth crystals as 
characteristic of isomorphous substances, but exceptions are known ; 
rhombic (pseudohexagoikil) K 2 S() 4 may form an overgrowth of hexag- 
onal KNaJS0 4 . 

Apparent exceptions to the law of isomorphism .—Apparent exceptions 
to the law of isomorphism are frequent. They are sometimes due to 
the existence of two or more varieties of a substance — dimorphism or 
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polymorphism respectively-Mmly one of which, not the common form, 
is isomorphous with the common variety of a chemically similar sub- 
stance. An example of this was discovered by Mitscherlich, viz. the 
acid phosphate and the acid arsenate of sodium, one form being rhombic 
and the other monoclinic : NaH 2 P0 4 ,H 2 0 and NaH 2 As0 4 ,Ii 2 0. 

In many cases isomorphism is found with ehemieally similar substances 
with different numbers of atoms in the molecule : ammonium salts 
containing the radical XH 4 arc* isomorphous w it h potassium and sodium 
salts containing the atoms K and Na : silver sulphide Ag 2 K in the 
mineral argentite is isomorphous with lead sulphide PbS in galena, the 
two forming mixed crystals. In other cases, compounds which have 
the same numbers of atoms in the molecule but are not chemically 
analogous arc isomorphous : calcium carbonate CaOO tJ occurs in the 
same form (mlcite) as sodium nitrate NaNO :j , and Mg 2 Si0 4 and Al a J3e0 4 
are isomorphous. Crystals of sodium nitrate form parallel growths on 
calcite crystals. 

Other examples of this type of isomorphism aro shown in the following 
groups : 

(1 ) Potassium periodate Fvl C) 4 (3) Potassium perchlorate KC10 4 

Calcium tungstate ( ViW() 4 Barium sulphate BaSO, 

Potassium osmiamato K0 h 0 3 N Potassium tluohorate KBF 4 

(2) Potassium sulphate K 2 S0 4 (4) Yttrium phosphate YP0 4 

Potassium beryllium thioride Zircon ZrSi() 4 

K*BcF 4 Tinstone SnOj or SnSnOj 

In these groups the molecules cont ain t he same mnnhc»r of atoms, and the 
original idea of Mitscherlich that the form depends on the number of atoms 
and not on their chemical nature, seems to he verified. 

These apparent exceptions to the law of isomorphism receive an ex- 
planation from the results of X-ray investigations and the modern theory 
of atomic structure, as explained in Chapter XX III. 

The X-ray examination of mixed crystals (solid solutions) 1ms shown that 
they give a diagram very like that of both components and not a superposi- 
tion of the diagrams of the two. The replacement of one atom by another in 
the mixed crystal is random, and in the case of alloys a uniform (list nbut ion is 
attained only after prolonged annealing, when the atoms change places. 
It was found by Vegard (11)21) that the length of side of the cubic lattice 
(Fig. 210) of a mixed crystal of potassium chloride and potassium bromide 
is given by the linear relation : 

“tfKBr (P - 1 00)/ 100 + ukcP/ 100 

where jj is the molar percentage of KOI in the crystal and ukBi* and n^p] 
are the lengths of the sides of the potassium bromide and potassium chloride 
lattices. 

Ionic size and crystal structure. - In a lattice formed of two types of atoms 
or ions A and B, the number of atoms of B arranged around any given atom 
of A is railed t he cryfttallographic coordination number of A (not to ho con- 
fused with the coordination number in Werner’s theory of coordination 
compounds, p. 417). It depends on the radii of A and B, large atoms or 
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ions permitting a greater number of ions or atoms to pack around them 
than is the case with smaller particles. If r, and r 2 are the radii of A and B, 
the oxtroino ratios of the radii for various coordination numliers arts : 

Coordination number 3 4 6 8 12 

Ratio r,/r 2 (MS 0-225 0-414 0-732 1-000 

The coordination numbers S, 7, 0, 11) and 1 1 are excluded by geometry if 
the ionic charges are to balance. Kor a particular ion the coordination 
number may vary with the other ion. owing to the polarising action (p. 442). 

Elements of similar ionic radii and preferably, though not necessarily, 
of the same ionic charge, can replace ono another in solids ; if the radii arc 
similar but the charges different, adjustment may occur in the lattice, and 
an ion of greater charge is more readily included t ban one of smaller charge, 
This explaius why some elements usually occur together in minerals, and 
why, for example, in the crystallisation of magnesium minerals scandium 
occurs hi the first crystals and lithium in the last. 
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around a vertical cylinder, divided into sixteen vertical strips, and found 
that similar elements fell on the same vertical. The “ De Chancourtois 
helix ” was a precursor of tlio Periodic Law. 

Newlands in 1 864 said that if the elements are arranged in the order 
of atomic weights, “ the eighth element, starting from a given one, is a 
kind of repetition of the first, like the eighth note in an octave of music,” 
and he called this the law of octaves : 


1 H 

2 Li 

3 Re 

4 R 

5 0 

6N 

7 O 

8 V 

9 Na 

10 Mg 

11 A1 

12 Si 

13 P 

14 S 

15 01 

Jli K 

17 Vn 

1 9 Cr 

18 Ti 

20 Mn 

21 Fo, etc. 


This is based on what are now called the atomic numbers of the 
elements, but was not very satisfactory since manganese, for example, 
does not resemble phosphorus. Newlands pointed out that regularities 
appear only when the atomic weights derived systematically by 
Cannizzaro (p. 108) are used, and bis table contains the germ of the 
Periodic Law. 

The periodic law. — The periodic law, which is the basis of the modern 
system of classification of the (dements, was put forward independently 
in 1869 by Mendeleeff in Russia and in 1870 by Lothar Meyer in Ger- 
many. (Odling in 1865 had arranged the elements in a table which 
resembles Mendeleeff s table of 1869.) 

Mendeleeff says his basic idea was that “ there must be some bond of 
union between mass and the chemical elements ; and as the mass of a sub- 
stance is ultimately expressed in the atom, a functional dependence should 
exist and be discoverable between the individual properties of the (dements 
and their atomic weights. Rut nothing, from mushrooms to scientific 
dependence), can bo discovered without looking and trying. So 1 began to 
look about and write down the elements with their atomic weights and 
typical properties, analogous elements, and like atomic weights on separate 
cards, and this soon convinced mo that the properties of the elements are in 
periodic dependence upon their atom ic weights ; and although I have had my 
doubts about some obscure points, yet 1 have never once doubted the 
universality of this law, because it could not possibly be the result of 
chance.” 

The original statement of Mendeleeff (1869) includes practically the 
whole content of the Periodic Law. ]t is given in eight paragraphs : 

(1) The elements, if arranged according to their atomic weights, exhibit 
an evident periodicity of properties. 

(2) Elements which are similar as regards their chemical properties have 
atomic weights which are either of nearly the same value (platinum, 
iridium, osmium), or which increase regularly (potassium, rubidium, 
caesium). 

(3) The arrangement of the elements, or of groups of elements, in the 
order of their atomic weights, corresponds with their so-called valencies , * < 

(4) The elements which are the most widely distributed in nature have 
small atomic weights, and . , . sharply defined properties. They are there- 
fore typical elements . 
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* (5) The magnitude of the atomic weight determines the character of an 
element [and those of its compounds]. 

((>) The discovery of many yet unknown elements may bo expected, 
for instance, elements analogous to aluminium and silicon, whose atomic 
weights would be bet ween 05 and 75. 

(7) The atomic weight of an clement may sometimes be corrected by the 
aid of a knowledge of those of the adjacent elements. 

(8) Certain characteristic properties of the elements can bo foretold from 
their atomic weights. 



D. J. Mkn'dklGkfv (1834- 1007). 

The periodic table. — Mendeleeff arranged the elements in a table ealled 
the periodic table, a modern form of which is given on p. 308. In this 
the elements are arranged in nine vertical columns called groups, headed 
by zero (0) and the Roman numerals from I to VIII, or (as in the table 
given) the zero group is made' a sub-group of VIII, eaeli group being 
subdivided into a and b as shown. These groups are formed by suitably 
leaking up into periods a continuous series of the elements arranged 
in the order of their atomic weights. The ordinal numbers, called 
atomic numbers, and not the atomic weights, are given in the table. 
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If the periods are written one under the other in horizontal rows, th% 
vertical columns are the groups. 

The first period contains two elements, hydrogen and helium ; each 
of the next two periods contains eight elements. The elements of the 
third period are analogous to those vertically above them in the second 
period. In other words, the properties of successive elements in an earlier 
period rec/ur in the same order in a later period. This is seen in the two 
periods : 

Li Bo B C N O F Ne 

Na Mg A1 Si l> S Cl A 

Lithium and sodium, for example, are alkali metals which decompose 
water in the cold ; fluorine and chlorine are gases which combine very 
readily with metals and form similar salts, and so on. The first three 
periods, from hydrogen to argon, arc called short periods. (Formerly 
the second and third periods were called “ the first tw r o short periods ”, 
but this name is now unsuitable). 


Short Periodic Table 
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After argon ten elements instead of eight arc passed over before the 
periodic recurrence of properties begins again with copper, and a close 
analogy, e.g. that between rubidium and potassium, only after eighteen 
elements. 

At the beginning of the fourth period we meet with a difficulty. The 
element next in order of atomic weight to chlorine is potassium, which 
undoubtedly belongs to the same group as sodium. The next element 
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is argon, which is an inert gas resembling helium and neon and therefore 
belongs to the zero, or VIJI />, group. The order of atomic weights 
of potassium and argon is the reverse of the order in the periodic 
system which brings them into the same groups as their chemical 
analogues. 

In such cases, where the atomic weights are apparently inverted, the 
elements are put in the groups to which they naturally belong. Three 
such pairs of common elements are : 

1. A 40, K 39 2. Co f>9, Ni 58-7 3. Te 127-0, 1 J 26-92 

and another case is believed to occur in the last period of radioactive 
elements, viz. thorium (Th) 232 and protoactinium (Pa) 230. These 
supposed anomalies are now easily explained, since the elements con- 
cerned are mixtures of isotopes (p. 382). 

With this transposition of argon and potassium, the natural sequence 
runs along the period until manganese is reached. We then expect an 
inert (demerit resembling argon. Actually we find three elements, iron, 
cobalt and nickel, with almost identical atomic weights and very similar 
physical and chemical properties. After these three elements come 
copper, zinc, etc., which resemble in some respects the elements of 
Groups J, 11, etc., and the inactive (dement does not appear. 

The three' elements iron, cobalt and nickel arc placed in a separate 
group, viz. Group VIII a, no representatives of which are found in 
earlier periods. The elements following, viz. copper, zinc, etc., which do 
not closely resemble the earlier elements of the same groups, are sepa- 
rated from these by placing them on the right or in b positions in the 
groups, whilst the other (dements are placed on the left or in a positions. 

The elements in Group VIII a are calk'd transitional elements, and 
instead of two short periods each of eight (dements, the whole 18 elements 
from potassium to krypton inclusive form a long period, divided into 
elements belonging to even and odd series according as they occur in series 
of even (e.g. K) or odd ( e.g . Cu) number, beginning with hydrogen. 

This first long period is followed after krypton by a second long 
period beginning with rubidium, followed by the even elements of the 
period as far as molybdenum. These resemble the corresponding even 
elements of the preceding long period. After molybdenum comes an 
“ artificial element ” (p. 405) called technetium (since the discovery of 
“ masurium ” in 1925 does not seem to have been substantiated), 
followed by a cluster of three elements with very similar atomic 
weights and physical and chemical properties, viz. ruthenium, rhodium 
and palladium. These are obviously transitional elements of the 
same type as iron, cobalt and nickel, and must be placed in Group 
VIII a. The odd elements of the long period then follow, ending with 
xenon. 

Near the end of this period is a repetition of the inversion of atomic 
weights met with in argon and potassium. Iodine is a halogen belonging 
to Group VII, whilst tellurium is an element of Group VI which contains 
its analogues sulphur and selenium. In the order of atomic w eights the 
positions would be reversed. Again the two elements are placed in those 
positions which agree with their chemical properties. 
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A new period begins with caesium and proceeds as far as lanthanum 
in Croup 111 in a regular manner. Lanthanum begins a series of 
fifteen elements with atomic weight s differing by one, two, or even lour 
unit s, all of which are most closely analogous in chemical properties and 
very difficult to separate in analysis. These, with scandium and 
yttrium in previous periods, are the elements of the rare earths (No. fil 
is an artificial element called promethium, as the existence of a 
previously described “illinium” has not been substantiated). It is 
impossible to proceed to the normal manner with the rare-earth 
elements Nos. f>7 to 71. 

In this ease, instead of one element occupying one place in the group 
there seems to he a cluster of fifteen. These' must be placed in the same 
group as scandium and yttrium, so that the regular change in properties 
of the elements is chocked at this point and goes forward again only 
when the atomic weight has increased by about 40 units. Then after 
lutecium, the last rare-earth element, comes the (dement hafnium dis- 
covered in zirconium minerals by Coster and Hcvesy in 1023. It 
occupies the position in Group IV previously given to cerium, which 
is now placed in Group III with the other rare-earth elements. 

After hafnium come tantalum, tungsten, rhenium, and finally the 
three transitional elements osmium, iridium and platinum, which fall in 
Group Vi 11 r/ . The rest of this long period continues from gold in 
Group I to bismuth in Group V and the radioactive element polonium 
In Group VI. Element No. 85 in Group \T1 is the* artificial element 
astatine. The period closes with the inert radioactive gas radon in 
Group VIII b (or Group O). This long period contains in all 
32 elements. 

The numbers of elements in the periods up to this point are 2, 8, S, 
18, 18, and 32. A now period begins with the newly discovered radio- 
active element francium in Group 1, and continues as far as uranium, 
all the elements in this group being strongly radioactive. We should 
expect many more elements in this period, and a few elements of 
atomic weights higher than uranium (the* transuranic elements) have been 
obtained artificially (p. 407) and all are radioactive. They an 1 not 
included in the present table, since their group assignments are still 
# uncertain. 

Although the short form of" the Periodic Table (due to Lothur Moyer) 
which is given on p. 3 US, is most convenient- for elementary students and 
for general use, and corresponds with the short table of atomic structures 
given on p. 41 1, some prefer the so-called Lontj Periodic Table (originating 
with Mendeleeff) a modified form of which is given on p. 371. 

This corresponds with a fuller table of atomic structures. The rectangles 
enclose elements with incomplete inner shells of electrons in the atoms, 
which are called transitional elements ” in the wider sense, the rare 
earths (except scandium and yttrium) taking their place inside a larger 
period of transitional elements. The double relation of hydrogen to 
Groups I and YU is also seen. 

The periodicity of valency. -Mendeleeff pointed out that the number 
of a group corresponds with the valency of the elements in it. in some 
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cases (P, S, Cl, Or, Mn) it is necessary to take the maximum valency, 
in others (On, Ag, An) the minimum valency, and the assignment of 
valency seems a little artificial, as Wyruboff (1896) said, but the 
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reason is now fairly clear from the point of view of atomic struc- 
ture. The valencies are clearly seen with the fluorine and oxygen 
compounds : 
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Lothar Meyer’s curve — The periodicity of properties with increase in 
atomic weight (or atomic number) is strikingly shown (Fig. 213) in the 
atomic volume curve of Lothar Meyer, in which the atomic volumes (volumes 
in ml. occupied by the atomic weight in grams. ■= at. wt. A divided by 
density L)) are plotted against the atomic numbers, f.e. the ordinal 
numbers of the elements in the periodic table. The atomic volumes 
rise and fall in a periodic manner. The alkali metals, the atoms of 
which are unusually bulky, arc at the peaks of the curve. 

The atomic volumes represent, not the space occupied by the atoms 
themselves, but this plus the empty spaces between. If the atoms are 
assumed to be spherical and in contact, V A jl) is a measure of the mean 
distance between the atomic centres. 
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The atomic volumes of a few important elements are given below. 

Atomic Atomic 

Element. volume* at. 15°. Element. volume at 15°. 

Hydrogen - Kb 2 (at - 250") Strontium - 34*5 

Lithium - 130 Barium - 30*2 

Sodium - 23-7 Chlorine - 20*6 (liq. at 0°) 

Potassium * 45*5 Bromine - 25*4 

Rubidium - 50-25 lodino - - 25-7 

Caesium - 70-0 Iron - - 7 TO 

Calcium 25-9 Lead 18-3 
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Atomic Number 

Fio. 213. — Lothar Meyer’s atomic* volume curve. # 

Mendel ('eff remarked that reactive elements have large atomic 
volumes (alkali metals, halogens) ; elements which are not very re- 
active have small atomic volumes (C as diamond, Ni, Co, Tr, Ft). 

The atomic volume curve also shows periodicity in other properties, 
such as expansion by heat, magnetic susceptibility, melting point, re- 
fractive index, boiling point, crystalline form, compressibility, atomic 
heat at low temperatures, heats of formation of oxides and chlorides, 
hardness, malleability, volatility, volume change on fusion, viscosity 
and colour of salts in solution, mobilities of ions, electrode potentials of 
metals, over-voltage of metals, frequency of atomic vibrations in 
solids, distribution of the elements in nature, distribution of lines in 
spectra, and valency. 

Lothar Meyer pointed out that gaseous elements and those fusing below 
a red heat occur at the maxima and on ascending portions of the atomic 
volume curve. Difficultly fusible elements occur at the minima or on 
descending portions of the curve. 
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Melting and Boiling Points of the Chemical Elements (in degrees C.) 
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Carnelly found a similar periodic dependence of the melting points of 
metallic chlorides, and the heats of formation of tho oxides and chlorides, 
on the atomic weight of the metal ; tho periodicity of properties extends 
to the compounds of dements. 

Electrochemical character. — The electrochemical character of an 
element is roughly defined by the chemical character of its oxide : 
electropositive elements yield basic oxides , electronegative elements yield acidic 
oxides. If tlie part of the atomic volume curve between two maxima is 
called a section, then all elements on descending parts of the second and 
third sections are electropositive ; those on ascending portions are 
electronegative. Elements situated on sections ^ and 5 show electro- 
chemical properties passing through two periods whilst the atomic 
volumes pass through only one. 

On the first part of the descending curve of each of sections 4 and 5 
strongly electropositive elements occur (K, (.’a ; lib, Sr) ; followed on 
the same part of the curve by more or less electronegative elements 
(V, Cr, Mil ; Zr, Nb, Mo, Ru, Tih), which are again followed on the 
ascending portions of tlie curve by electropositive elements (Ke, Ni, Co, 
Cu, Zn, Ga ; I’d, Ag, Cd, In) ; linally, after these cm tho same but 
higher parts of the curve, come elect ronegutive elements (As, Se, Br ; 
Sn, Sb, Te, I). 

Strongly electropositive elements associate towards the left of the 
table, beginning with Group T ; strongly electronegative* (dements 
occur on the right of the table, the most marked being in Group VII. 
In passing along a period from Group l to Group VII the electropositive 
character diminishes. When Group IV is reached the elements show 
very little electrochemical character, either positive or negative, and 
are practically neutral. The electropositive character changes in 
Group V into electronegative, which becomes increasingly stronger and 
reaches a maximum in Group Vll. 

The electrochemical character is well shown in the oxides of elements of 
the third period : 


Na 2 0 

MgO 

Al,O a 

Si() 2 


so. 

Cl a O, 

strongly 

basic 

weakly 

weakly 

fairly 

strongly 

very 

basic 


basic and 

acidic 

strongly 

acidic 

strongly 



acidic 


acidic 


acidic 


The gradation of electrochemical charm* tor is also shown in the groups 
themselves, ft is worthy of note that the non-motallic elements are con- 
finod to the upper right-hand part of the table. 

The inert gases, which form no compounds and have zero valency, 
occupy the zero group or Group VII l b, separating the intensely electro- 
negative elements of Group Vll from the intensely electropositive 
elements of Group I . The transitional elements of G roup Villa perform 
this function for the three parts of long periods where there is no inactive 
element. 
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Here, however, the positivo and negative properties of the elements in 
the first and seventh groups are much less marked than in the cases where 
inactive elements aro intor posed : 

— -t — 4 — + — + 

I 1 ' No Nn. ; Cl A K ; Mil (Fo, Co, Ni) Cu ; Hr Kr lib ; 

To (Ru, Rh, Pd) Ag ; l Xe Cs ; lie (Os, Ir, Ft) Au. 

The last members of the even series resemble in many respects the 
first members of the next odd series (excluding the zero group). Thus, 
there is a gradual transition from chromium and manganese to copper 
and zinc, apart from the bridge formed by the transitional elements. 
This gradation of properties in the periods was insisted upon by 
Mendeleeff : the resemblances between Li and Mg, between Be and Al, 
and between B and 0, are striking. 

Gaseous Hydrides. — All elements occupying places 1 to 4 before an inert 
gas (and also boron) form gaseous hydrides. Elements in groups I to Ilia 
(except boron) give salt-like or other solid hydrides, such as NaH. 
Beryllium and magnesium do not form hydrides. The volatile hydrides 
are covalent compounds, but the solid hydrides conduct electricity 
when fused, the hydrogen behaving as an anion (Li + IL). A different 
group of hydrides arc metallic* hydrides Cull, lMoIl and NiH 2 . Silver 
hydride produced by the prolonged action of atomic hydrogen on silver 
foil, is said to be salt dike. 


l 

11 

1TI 

IV 

V 

VI 

VII 

V 7 [II a 

Li 

.... 

13 

c 

N 

O 

F 

No 

Na 



Si 

P 

s 

Cl 

A 

K 

Ca 

Al 

Ge 

As 

Se 

Br 

Kr 

Rb 

Sr 

( la 

Sn 

Sb 

To 

I 

Xe 

Cs 

Ba 

La 

etc. 

Pb 

Bi 

To 

— 

Rn 


Correction of atomic weights.— - By fixing the positions of the elements 
in the periodic table, Mendeleeff was able to correct some atomic 
weights. 

The metal beryllium, equivalent 4*5. seemed to resemble aluminium. 
The hydroxides are gelatinous precipitates soluble in acids and alkalis ; 
the normal carbonates cannot be prepared by precipitation, as they 
hydrolyse : the metals, obtained bv electrolysis of the double potassium 
fluorides, dissolve in alkalis with liberation of hydrogen. The specific 
heat of beryllium pointed to 14*8 for the atomic weight. All these 
results seemed to make beryllium tervalent, the oxide being Be a 0 3 , 
resembling A1 2 0 3 . But there is no place for an element of this atomic 
weight in the first period : Bll C12 N14 01 G. Avdeoff (1819) had 
pointed out the analogy of beryllium and magnesium sulphates, and 
Mendeleeff placed beryllium in Group II before magnesium, assuming 
it to be bivalent and its oxide BeO. Its atomic weight should then be 
4*5 x 2=9-0 and there is a vacant place belwden Li — 7 (univalent) and 
B = 1 1 (tervalent). Humpidge found that the specific heat of beryllium 
increases rapidly with temperature, becoming 0-6206 at 500° : this gives 
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Be = 0-8. Nilaon and Pettersson (1884) found that the vapour density 
(H — 1) of beryllium chloride was 40, which agrees with BcC 1 2 (9 + 71 = 
80), but not with BeCl 3 (13-65 + 106-5= 120-15). 

The metal indium, which occurs in minerals with zinc, has an equivalent 
of 38. From its occurrence with zinc it was supposed to be bivalent (the 
oxide being InO), hence the atomic weight is 38 ^ 2 - 76. Tndium then goes 
in Group II after zinc- ; but this position is occupied by strontium (87) and 
there is no place for an elemont of atomic weight 76. There is also no place 
between As — 75 and Se - 79, so that this atomic weight of indium is im- 
possible. The vapour density, atomic heat, and isomorphism methods had 
not been used, and no guidance was available. Mendelcoff pointed out that 
if indium is tervalent (oxide ln a 0 3 ), atomic weight 38 x 3 = 1 14, it would fill 
a vacant space in Group III between Od —112 and Sn — 1 18 in Groups II and 
IV. The chemical and physical properties agree with this. The densities 
are Cd 8*6, In 7*4, Sn 7*2 ; the basic properties of ln 2 0 3 are intermediate 
between CdO and Sn() 2 ; the specific heat of indium was found to be 
0*055, giving the atomic* weight- 6*3/0*055 — 1 14*5 ; and indium forms 
alums. 

In other eases the correction in the atomic weight amounted to a few 
units only, the valency remaining unaltered. Thus, gold was formerly 
placed before iridium, platinum, and osmium, in the old atomic weight 
sequence. Chemical analogies in the periodic table suggested the order 
Os, Ir, Pt, Au, and more exact atomic weights confirmed this. 

Prediction of missing elements. — Mendoieeff in arranging the elements 
in the periodic table had to leave gaps so that chemical analogies 
should be preserved. The next element known after calcium (0a = 40) 
was titanium (Ti =48). But titanium if placed after calcium would 
come in the third group under aluminium, yet its properties show that 
it is 4-valent and belongs to Group IV under silicon : 
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There are three vacant places and Mendeleeff predicted that they 
would be filled by elements still to be discovered, which he called eka - 
boron , eka-aluminium and eka -silicon (from the Sanskrit, eka = one), the 
properties of which he predicted from their positions in the table. 
These predictions were brilliantly verified by the discovery of the three 
elements scandium (Nilson, 1879), gallium (Lecoq de Boisbaudran, 
1875) and germanium (Winkler, 1880). 

The following table shows the predicted and observed properties in the 
- case- of germanium. It was said that these predictions could have been 
f made without the Periodic Law, but no chemist seems to have thought of 
doing this. 
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Era -silicon (Es) predicted by 
Mendel6eff, 1871 

Atomic weight 72. 

Density 5*5. 

Atomic volume 13. 

Colour : dirty grey, giving a white 
powdor of EsCL on calcination. 

Metal will decompose steam with 
difficulty. 

Action of acids slight : that of 
alkalis more pronounced. 

Element obtained by action of 
sodium on EsO s or K 2 EsF 6 . 

Oxide Eh 0 3 refractory : sp. gr. 4*7 ; 
less basic than TiO a or Sn0 2 , but 
more than SiO>. 

Hydroxide soluble in acids, but 
solutions readily hydrolyse with 
deposition of meta-hydroxide. 

Chloride Es01 4 a liquid, b. pt. below 
100°, sp. gr. 1*9 at 0°. 

Fluoride EsF 4 not gaseous. 

Organo- metallic compounds, e.tj. 
Es(C 2 H ri ) 4 , b. pt. 100 ', sp. gr. 0*90. 


Germankm (Ce) discovered by 
Winkler, 1886. 

Atomic weight 72*6. 

Density 5*47. 

Atomic volume 13*2. 

Metal greyish- white, giving a white 
powder of Ce0 2 on calcination. 

Metal does not decompose water. 

Metal not attacked by HC1 ; dis- 
solves in aqua regia ; aqueous 
KOH no action, but molten 
KOH oxidises with incandescence. 

Element obtained by reduction of 
Ge() 2 by carbon, or of K 2 GeF # by 
sodium. 

Oxide ( lcO a refractory ; sp. gr. 
4*703 ; very feebly basic, forms 
germanates. 

Acids do not pp. hydroxide from 
dilute alkaline solutions ; from 
concentrated solutions, acids or 
CO 2 pp. Ge0 2 or me ta- hydroxide. 

(leC-l 4 a liquid, b. pt. 86*5°, sp. gr. 
1*887 at 18". 

(JeF 4 ,3H a O a white crystalline solid. 

( io(C 2 I L,) 4 , b. pt. 160°, sp. gr. slightly 
less than 1*0. 


Results like these convinced chemists that the Periodic Law was 
important, and about 1890 (twenty years after it was announced) it 
came into fairly general use in teaching. 

A new group (the inert gases) was added by Ramsay, and some gaps 
in the lowest part of the table were tilled by radioactive elements. The 
Periodic Law showed the possibility of discovering new elements, and 
gave indications of their properties and with what known elements they 
are likely to occur. On the other hand, it limits the possible number of 
new elements ; there can be no elements between helium (He— 4) and 
barium (13a = 137), except possibly in the transitional group. In the 
lower part of the table, the question of possible new elements was 
difficult, since the rare earths disturbed the order. Apart from these, 
the gaps corresponding with elements 43, 75, 84, 85 and 87 have always 
been recognised, and these have since been filled, partly with informa- 
tion given by the periodic table. It is wrong to suppose that the Periodic 
System has been “ superseded ” by modern theories, since it is the basis 
of modern knowledge of atomic structure. What has happened is that 
the system has to some extent been explained. 



378 INORGANIC CHEMISTRY J [chap 

Use of the periodic table. — The periodic table lias several advantages 
over any other system of classification of the elements : 

1. It classifies the elements in a very simple way, since only the atomic 
weights are needed to place the elements in the table. 

2. It includes in itself some earlier methods of classification, such as that 
according to valency. 

3. It allows the atomic weights to be checked, since if the wrong multiple 
of an equivalent had been taken, there would be no place for the element 
in the table. 

4. An empty space in the table directs attention to an undiscovered 
element and also, from the position in the table, makes it possible to predict 
the properties of the element. 

5. The periodic table is closely related to the structure of the atom and 
has proved of great service in this field. It is based on a fundamental law 
relating to the building up of atoms from their simpler components. 

Difficulties in the periodic table.— The periodic table as given by 
Mendeleeff was not fret* from difficulties. 

1. One of the most serious is the inverted positions of pairs of oloments (A, 
K ; Ca, Ni ; Te, f ; Pa, Th). 

2. It was difficult to fit in the rare earth elements. 

3. The transitional elements occupy an exceptional position and attempts 
to include thorn in other groups were not successful. 

4. The arrangement into groups overlooks some chemical analogies, as 
between boron and carbon, and copper and mercury, and also brings 
together elements with little real analogy, such as manganese and chlorine, 
and the alkali metals and copper, silver, and gold. Yet the analogy be- 
tween successive elements in a period, although pointed out by Mendeleeff, 
was often neglected. The motals of the period : V, Ci\ Mn. Fe, Go, Ni, are 
chemically related, and the sulphates R-SO^THI) of Mn, Ko, Go, Ni, <’u, 
Zn, are isomorphous. 

5. A remarkable difficulty was the position of hydrogen. It was some- 
times omitted altogether, but it shares a whole period with helium. If 
placed in this period in Group T with the alkali-metals (to which it shows 
resemblance in electropositive character and m forming an alloy with 
palladium) there are gaps in the period with atomic weights betwoon 1 
and 4. Hydrogen as a univalent element could he placed in Group VII with 
the halogens. But although hydrogen is a non-metal, can he replaced atom 
for atom by halogens in organic compounds, forms salt-like hydrides such 
as NaTl, and is a gas moro difficult to liquefy than fluorine, yet the period 
might then contain unknown elements with atomic weights less than ]. 
The best situation is at the head of Group 1 , on account of the electropositive 
character. 

Prout’s hypothesis. — The differences between the atomic weights of 
successive elements in the various periods show regularities. The 
earliest, dating back to 1815 (long before the discovery of the periodic 
relationship) is Prout’s hypothesis. According to this, the atomic weights 
of the elements are whole multiples of that of hydrogen. In 181fi Prout 
^stated that the simplest explanation of this is the assumption that 
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the atoms of all elements are formed by the condensation of atoms of 
hydrogen , this element being the primary matter or protyle (Greek protd first, 
hide matter). 

In 1812 Davy had suggested that the “ un decompounded substances ” 
[elements] are compounds of hydrogen “ with another principle as yet 
unknown in the separate form,” and that “ the same ponderable matter in 
different electrical states, or in different arrangements, may constitute 
substances chemically different.” This was strikingly confirmed by recent 
work on the structure of the atom. 

Front's hypothesis was disproved by accurate determinations of 
atomic weights by Berzelius, but it continued to have extraordinary 
fascination. Dumas and Stas in 1841 redetermined the atomic weight 
of carbon, finding it almost exactly 12 and showing that Berzelius had 
made an error in this cast 4 of no less than 2*5 per cent. When these two 
experimenters found in 1842 that the atomic weight of oxygen was 
almost exactly Ifi, interest in Prout’s hypothesis revived. The atomic 
weight of chlorine is nearly 35*5, so that Marignae suggested that 
atomic weights are multiples of half the atomic weight of hydrogen, and 
Dumas proposed a quarter. 

Marignae (I SCO) also suggested that small variations of composition of 
compounds would explain the deviations from whole numbers. This con- 
tains the germ of the modern theory of isotopes. Stas, beginning with 
” an almost complete confidence m the exactness of the law of Front,” 
was led by his researches to conclude that it “ is only an illusion, a pure 
hypothesis definitely contradicted by experiment” : it was also rejected 
by Mendoleeff. 

Interest in Prout’s hypothesis revived as a result of experiments by 
Crookes (1887) on the discharge of electricity through gases at very low 
pressure. Crookes assumed that electricity is carried in vacuum tubes 
by a very attenuated ” fourth state of matter,” which he identified with 
protyle. This was the beginning of* the electrical theory of matter, 
which forms the subject of the following chapter. 

Apart from hypothetical considerations, interesting regularities 
appear in the periodic system itself. 

Rydberg (1914) observed that the first short period contains 2 — 2.1 2 
elements ; the two short periods from Li to Ne, and from Na to A, contain 
each 2.2 2 8 elements. The two long periods, from Iv to Kr, and Rb to Xe, 

contain each 2.3 2 18 elements. These should, il the same regularity holds 

good, be followed by two very long periods containing each 2.4 2 — 32 
elements, of which the first is known but only a fragment of the second 
exists, Bohr (1921) wrote Rydberg's numbers as 2— 1.2, 8 — 2.4, 18 — 3.0, 
and 32 4.8. Experiments on the scattering of X-rays by gases, and 

modem atomic 4 theory, indicate consecutive positions for hydrogen and 
helium. Rydberg considered that two hypothetical gases should come 
between H and He, and lie identified tluem with eoronium and nebulium, 
evidence of which was supposed to have been found in the spectra of the sun 
and nebulae. Tho existence of eoronium (supposed by Nicholson to have 
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an atomic weight 2-1) had been inferred from the bright green line in the 
spectrum of the sun during the eclipse of 1869 ; although traces were said 
by Nasini, Anderlini, and Salvadori (1893) to exist in volcanic gases, its 
presence on the earth is doubtful. Coronium was reported in the spectrum 
of the nebula of Orion by Rourgot, Fabry, and Buisson (1914). In the solar 
eclipse of 1915 the green lino was hardly visible, but a new red line was 
very prominent. Modern spectroscopy has shown that the peculiar lines 
are really due to common elements such as oxygen. Mendeleeff regarded 
the ether as an inactive element of atomic weight about 10~ ti , but the 
existence of the ether is no longer assumed in physical theories. Modern 
theories of atomic structure exclude the existence of atoms lighter than 
those of hydrogen, or with woights between those of hydrogen and holium. 
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ISOTOPES, CRYSTAL STRUCTURE, RADIOACTIVITY 

The modern atomic theory. — The remarkable nature of the Periodic 
Law gave rise to many fundamental questions, some of which have 
received solutions in recent years, when the structure of the atom has 
been revealed in ever-increasing detail. Among the problems which 
present themselves are (1) the reason for the approximately whole- 
number atomic weights of some elements ; (2) the explanation of the 
reversal of the order of atomic weights in the cases A, K ; Te, I : Co, 
Ni : Pa, Th ; (3) the reason for the occurrence of long and short periods 
and transitional element s, and the position of the rare earths : (4) what 
property of the atom determines the position of an element in the 
Periodic Table, since the order of the atomic weights is sometimes 
disturbed ; (5) whether all the atoms are composed of simpler parts, and 
if so of how many : and ((>) whether the atoms of one element can be 
converted into atoms of another element. 

The results of the experimental investigation of these problems 
constitute the modern atomic theory. Although the fundamental 
researches in this field go back in some cases for many years, it is only 
since about 1910 that much progress has been made and many im- 
portant results have been obtained still later. 

Cathode rays. — Although the most familiar production of electrons is 
their emission from the hot filament of the wireless valve, the 
recognition of a fundamental particle of electricity was the result of 
experiments on the discharge of electricity in gases at low pressures, first 
carefully studied by Faraday. 

At a low pressure (0-01 mm.) an electrical discharge in an exhausted 
tube proceeds as a blue glow from the cathode, normal to the cathode 
and independent of the posi- 
tion of the anode, producing a 
green fluorescence where it 
strikes the glass (Fig. 214). 

These cathode rays were dis- 
covered by Pliicker in 1859 ; 
they are deflected by a mag- 
net, showing that they are 
electrically charged. Perrin 
in 1895 showed directly that 
they are negatively electrified bv collecting them in a Faraday 
cylinder in the tube. Sir J. J. Thomson (1897), by measuring the 
deflection produced by magnetic? and by electric fields, found the 
ratio of the charge to the mass of the particles, ejm - 1*2 x 10 8 coulomb 
) 381 
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Fro. 214. — Cathode and positive rays. 
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per gm. ; recent determinations give 1*772 x 10 8 cmb. per gm. The 
ratio for the hydrogen ion in electrolysis is P/1 *008 — 96494 x 10 3 /1*008 
= 9*57 x 10 4 (the charge being positive) ; the value for cathode rays is 
1850 times this. There are two possibilities : (i) the charges are the 
same but the mass of the cathode ray particle is 1/1850 that of the 
hydrogen atom ; (ii) the masses are the same but the charge on the 
cathode ray particle is 1850 that on the hydrogen ion. Experiment 
decided in favour of the first. The cathode rays are free negative 
electrons. They have the same value of ejm no matter what is the 
material of the electrodes or the gas in the tube, and they are emitted 
from heated metals, by the action of ultra-violet light on metals, and 
in some chemical reactions. The evidence points to electrons being a 
common constituent of all atoms. 

Isotopes. — If the cathode in the tube is perforated, luminous rays 
pass backwards through it (Goldstein, 1886), and their deflections in 
magnetic and electric fields show that they contain particles of atomic 
size, of mass m and positive charge' e. These positive rays were in- 
vestigated by Wien, Sir J. J. Thomson, and E. W. Aston. 

By deflecting positive rays by means of applied electric and magnetic 
fields, Thomson (1913) showed that neon contains two kinds of atoms, with 
masses 20 and 22. Such varieties of an element were called isotopes. An 
early form of apparatus devised by Aston is sli< >wn in Fig. 2 1 5. The positive 



rays produced from gas at low pressure m the bulb B pass through the per- 
forated cathode C (the anode is A) and through slits ,S’ 2 , then through the 
electric field of a plate condenser J x by which they are deflected down- 
wards, and a fairly narrow pencil passes through a diaphragm (not shown) 
near the stopcock 7v. The rays then pass through a magnetic hold at right 
angles to the electric field and to the plane of the paper at M (a section of a 
magnet pole), so arranged that the downward deflection due to the electric 
field is ovorcome, and they are brought to a focus on a photographic plate 
W in the camera N, producing a line when tho plate is developed. A low 
pressure is maintained in the part of the apparatus to the left of the bulb B 
by means of pumps and the charcoal bulbs f 1 and / 2 , cooled in liquid air. 
The discharge tube B is about 20 cm. diameter, the anode A is of aluminium, 
as are also the cathode <7 and the metal slits S x and S 2 . 1) is a silica bulb 
which protects the opposite end of the glass bulb from being melted by the 
very concent rated beam of* cathode rays emitted by C. 

The particles are spread according to the values of tho ratio of mass to 
charge tn/e into a mass spectrum,” the foci of which are received on the 
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plate, and since a narrow ribbon of rays was defined by the slits »SVS 2 , these 
foci will be lines, each corresponding with a certain definite value of m/e. 
Some elements give lines indicating that they are mixtures of isotopes. 
Chlorine gives no line corresponding with the atomic weight 35-40, but 
two lines indicating particles of masses 35 and 37, represented as Jj 01 and 
S7 C1 (Fig. 216). fn some cases the method described cannot be used, v.q, 
with metals or substances of small vapour pressure. Aston then used a 
method due to Cebrcke and Reiehenheim, in which the anode consists of a 
healed strip of platinum foil with a depression containing some of the salt 
of the metal, and placed opposite the cathode. By applying a high positive 
potential to the anode, positively charged metal atoms are given off as 
anode rays, which can he deflected in electric and magnetic fields as before. 
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Aston's “ Mass-Sprrfra and Isotopes ” ( Arnold ) 


Flu. 216. -Mass-spectra (Aston, 1!)21). 

The lines additional to those of the isotope.-* of the elements indicated 
are duo to impurities in the discharge tube. 


In another method used by Dempster (1918), positive ions omitted by 
heated metal salts in a high vacuum pass through a potential difference, 
when they acquire equal energies. After passing through a slit, the ions 
are bent by a magnetic field into a. semicircle, so that they are just able to 
pass through a second slit into an electroscope. With a constant magnetic 
field, the potential difference required to cause the ions to pass through the 
fixed second slit is inversely proportional to m\c for the ion, the value of 
which is so determined. 

■ A more sensitive method for the detection of isotopes is the use of band 
spectra (p. 439). The separation of the lines m a band depends on the inass 
of the molecule, and in some cases instead of a regular separation expected 
from one kind of molecule only, there are two (or more) sets of lines in the 
bands, due to isotopic molecules. The hydrogen chloride spectrum shows 
lines corresponding to H 3 K3 and FL 37 C1. In this way the oxygen isotopes of 
masses 16, 17 and 18 were detected in the atmosphere, and also isotopes of 
carbon and nitrogen. 

The proportion of isotopes m an isotopic? mixture is very variable. In 
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hydrogen the atomic ratio is J H : 2 H~~ 6900 : 1 ; bromine is a mixture of 
approximately equal parts of* 79 Rr and 81 Br. Apart from the isotopes of 
lead produced in the radioactive changes of uranium ( ao *Pb) mid thorium 
(* 08 Pb), slight differences in atomic weights of different specimens of natural 
elements have been found, e.y. in atmospheric oxygen and oxygen from water 
in which the oxygen isotope ratio l6 0 : 18 0 is somewhat different, also 
with isotopes of carbon l2 C and 1:! C, of boron 10 B and 11 B, and of sulphur 
32 K and 34 tt. The variations are sometimes quite appreciable, and the 
isotopic composition of an element can be determined quant itatively by 
means of the mass spectrograph. 

Separation of isotopes. — Isotopes can be separated in various ways ; 
neon by fractional diffusion ; mercury, zinc, potassium and chlorine (as 
hydrochloric acid) by distillation at ‘very low pressure ; the lithium 
isotopes 6 Li and 7 Li, the potassium isotopes 39 K, 40 K and 41 K, and 
the uranium isotopes 235 1 : and 23H l\ by the mass-spectrograph ; neon, 
hydrogen, water, ammonia, carbon tetrachloride and oxygen by frac- 
tional distillation . 

If .r 0 and ?/ n are t he volumes of two constituents in the original mixture, 
and x and y the volumes in the residue after diffusion, the enrichment 
coefficient r- {y!y n ) (x}x 0 ) is related to the isotopic musses m i and m t by 

the equation r a\ f V 0 IW where a -- -t- m 2 )/(m, - m 2 ) ; T 0 ~.r ft -j y 0 ; V -- 

x f >f. The value of a for HD and H 2 is 5, for neon 21, and for l8 0 ,(, 0 and 
l8 O lfl O, 33. The diffusion met hurl has been used with batteries of porous 
clay tubes in series, also diffusion into mercury vapour of the pumps circu- 
lating the gas. By the first method pure 2, 'Ne was obtained, and in S hours 
1 c.c. of pure D 2 from a mixture with H.> containing only I in 1000ofl) 2 . 
A partial separation of the carbon isotopes 18 f 1 and j:1 0 has been achieved by 
diffusion of methane. Diffusion of hydrogen and deuterium through 
heated palladium lias also been used. 

The thermal diffusion method 1ms been much used. In a vertical tube 
containing a gas, with an axial wire heated electrically to 500 or more, the 
heavier molecules accumulate in the cooler region. The gas rises to the top, 
Hows down the cold wall of the tube, and again rises m the central part. 
This “thermal siphoning” combines with the thermal diffusion from the hot 
wire, and as a result the heavier molecules accumulate at the bottom of the 
tube and the lighter molecules at the top. A very effective separation can 
he obtained. 

The eloctrolytio method is most successful in the separation of hydrogen 
and deuterium from water (p. 176). A slight separation of oxygen 
isotopes is also effected. 

Some separation of isotopes has been achieved by chemical means, 
generally by exchangp reactions of the type . 

NH S + HOD NH 2 D f H 2 0 

2Hjj 18 0 + C lfl 0 2 r* 2H 2 ™0 + ( : i8 0 2 . 

In a photochemical method phosgene COCl 2 , containing the chlorine 
isotopes 35 and 37, is exposed to light, when molecules containing 
3 *0l are preferentially decomposed (in presence of a trace of iodine). 
The chlorine is absorbed by mercury and has an atomic weight lower 
than normal. 
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Taijle of Isotopes 


The isotopic masses A rounder/ off to whole, numbers of natural elements of 
atomic number Z- 0 (the neutron : see p. 400) to 92 are given. The order 
is that of masses, not of abundance of occurrence. Radioactive species are 


starred. 





Z 


A 

Z 


.4 

0 

n 

1 

48 

Cd 

106, 108, 110, 111, 112, 113, 

1 

H 

1, 2 



114, 116 

2 

He 

3,4 

49 

In 

113, 115 

3 

Li 

6, 7 

50 

Sn 

112, i 14, 115, 116, 117, 118, 

4 

Bo 

9 



119, 120, 122, 124 

5 

B 

10, 11 

51 

Sb 

121, 123 

6 

C 

12, 13 

52 

Te 

i 20, 122, 123, 124, 125, 126, 

7 

N 

14, 15 



128, 130 

8 

0 

10, 17, 18 

53 

I 

127 

9 

F 

19 

54 

Xe 

124, 126, 128, 129, 130, 131, 

10 

No 

20, 21, 22 



132, 134, 136 

11 

Na 

23 

55 

Os 

133 

12 

Mg 

24, 25, 26 

56 

Ba 

130, 132, 134, 135, 136, 137, 138 

13 

A 1 

27 

57 

La 

139 

14 

Si 

28, 29, 30 

58 

Ce 

136, 138, 140, 142 

15 

P 

31 

59 

Pr 

111 

16 

s 

32, 33, 34, 36 

60 

Nd 

142,143,144,145,146,148, 150 

17 

01 

35, 37 

62 

Sm 

144, 147, *148, 149, 150, 152, 

18 

A 

36, 38, 40 



154 

19 

K 

39, *40, 41 

63 

Ku 

151, 153 

20 

Ca 

40, 42, 43, 44, 46, 48 

64 

Od 

152, 154, 155, 156, 157, 158, 160 

21 

Sc 

45 

65 

Tb 

159 

22 

Ti 

46, 47, 48, 49, 50 

66 

J>y 

158, 160, 161, 162, 163, 164 

23 

y 

51 

67 

Ho 

165 

24 

Cr 

50, 52, 53, 54 

68 

Er 

162, 164, 166, 167, 168, 170 

25 

Mn 

55 

69 

Tin 

169 

26 

Fo 

54, 56, 57, 58 

70 

Yb 

168, 170, 171, 172, 173, 174, 

27 

Co 

59 



176 

28 

Ni 

58, 60, 61, 62, 64 

71 

Lu 

175. *176 

29* 

Cu 

63, 65 

72 

Hf 

172?, 174, 176, 177, 178, 179, 

30 

Zn 

64, 66, 67, 68, 70 



180 

31 

Ca 

69, 71 

73 

Ta 

181 

32 

Go 

70, 72, 73, 74, 76 

74 

W 

J 80, 182, 183* 184, 186 

33 

As 

75 

75 

Ro 

185, *187 

34 

So 

74, 76, 77, 78, 80, 82 

76 

Os 

184, 186, 187, 188, 189, 190, 

35 

Br 

79, 81 



192 

36 

Kr 

78, 80, 82, 83, 84, 86 

77 

Ir 

191, 193 

37 

Rb 

85, *87 

78 

Ft. 

J 92, 194, 195, 196, 198 

38 

Sr 

84, 86, 87, 88 

79 

An 

197 

39 

Y 

89 

80 

Hg 

196, 198, 199, 200, 201, 202, 

40 

Zr 

90, 91, 92, 94, 96 



204 

41 

Nb 

93 

81 

Tl 

203, 205 

42 

Mo 

92, .94, 95, 96, 97, 98, 100 

82 

Fb 

204, 206, 207, 208 

44 

Ru 

96, 98, 99, 100, 101, 102. 104 

83 

Bi 

209 

46 

Rh 

103 

90 

Th 

*232 

46 

Pd 

102, 104, 105, 106, 108, 110 

91 

Fa 

*231 

47 

Ag 

107, 109 

92 

IT 

*234, *235, *238 


Several isotopes of different elements have the same mass (isobars), e.g. 
A, K 40 ; Ni, Zn 64 ; Kr, Sr 86. Elements of odd atomic number are 
either simple or (except K) have only two isotopes, elements of even atomic 
number have many isotopes. The isotopos of elements of odd atomic 
number have odd masses usually differing by two units. The atomic masses 
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of isotopes arc referred to the oxygen isotope of mass 16, viz. l6 0 -- 16. and 
actually differ slightly from whole numbers, in the case of hydrogen 
pH = 1 *0081 , *H r- D -2*0147) appreciably. 

Packing fraction.- The difference between the isotopic mass and the 
nearest whole number, divided by the isotopic mass, is called the packing 
fraction. Thus, the mass of ^ 8 Ni is 57-042, hence the packing fraction is 
-0-058/58^ -0 001. Packing fractions arc either positive or negative, 
according as the atomic, masses on the basis ,# () -16 are larger or smaller, 
respectively, than the nearest whole number. Negative values appear with 



mass number 20 (neon), and the curve of parking fractions plotted against 
mass number A has a minimum at A 50, afterwards rising to a positive 
value at A - 175. Below A --25 the curve has two branches (Fig. 217), the 
lower branch corresponding with elements for which A - 4 * mass of Hie. 

Calculation of atomic weights. The atomic weight of a natural element 
is an average value of the atomic masses of the isotopes it contains. The 
ratios of the proportions of the isotopes in tho natural element are (’idled the 
abundance ratios. The atomic weight of the natural element may be calcu- 
lated from the exact masses of tho isotopes, obtained by correcting the 
whole-number values by tho packing fractions taken from the curve of Fig. 
217, and from the abundance ratios of these. For oxar^ple, tho abundance 
ratio of the europium isotopes in the natural element is lfi, Eu/ 1M Eu =0*963, 
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hence the atomic weight referred to u O - 16, uncorrected for t he deviations 
of the isotopic masses from whole numbers. is 152-010 0*037) 151 + 

0*963 x J53. The packing fraction for A ~~ 152 is - 0-0002, hence the muss 
defect is ( -0*0002) ■ 152 -0*030. The exact atomic mass ( l '*G 16) is 

152*019 -0*030 --- 151*080, and since the atomic masses referred to ‘H) 16 

are converted to the ordinary or chemical atomic weights, on the basis of 
ordinary oxygen, O =- 16 (the isotopic mixture), by division by 1 -000275, the 
chemical atomic* weight of europium is 151*980/1*000275 — 151*95. 

X-rays. — When cathode rays strike a material target in the X-ray 
tube, consisting of a inetnl plate called an a uli -cathode, this emits a 
penetrating radiation which passes outside the tube, and can pass freely 
through paper, wood, aluminium, and flesh, but is largely absorbed by 
lead, platinum, glass, or hone. These X-rays (Uontgen, 1895) may he 
so penetrating as to pass through two inches of steel. They affect a 
photograph ie plate, cause fluorescence of barium platiuocyanide etc., 
and render a gas conducting or produce ionisation in it, charged 
particles being formed. A gold-leaf electroscope rapidly loses its charge 
when exposed to X-rays, since the surrounding air conducts away the 
charge. The X-rays consist of electromagnetic waves similar to light but 
of much smaller wave-length. The wave-length A depends partly on the 
composition of the anti-cathode or “ target,” and partly on the applied 
voltage. 

X-rays and crystals. — For a long time it was not possible to diffract 
X-rays by matter, since the wave-lengths are much smaller than those 
of light. Friedrich, Knipping, and JLaue (1912) showed that X-rays 
are diffracted in passing through crystals, and further work of W. H. 
and W. L. Bragg showed that they are reflected from crystal surfaces 
at definite angles of incidence in t he same way as light from a diffraction 
grating. 

If the primary X-rays are homogenous (i.e. all of the same wave- 
length) the series of directions along whic h reflexions occur are obtained 
by giving the values 1, 2, 3, ... to ^ in the general equation 'Id sin 9 — 
/iA, where A is the wave-length. In the ordinary diffraction grating, d 
is the space between the rulings ; in the case of X-ray reflexion from 
crystals, d is identified with the distance between planes in the crystal 
corresponding with the densest arrangement of the atoms. 

In Fig. 218 a parallel beam 
of X-rays of wavo-longth A is 
shown reflected from various 
pianos of atoms distant d apart, 

9 being tho angle of incidence 
with tho crystal surface. Tho 
difference of path for two rays 
is : 

CD f DB - AB - DH ~ DE 

=- DF - DE -- EF -- 2d sin 6. 
mi a . , Fi«. 218. - -Reflexion of X-rays from a crystal, 

lhe two rays are in phaso and 

reinforce each other when this is a whole multiple n of the wave-length A, 
or 2 d sin 0 — nA. Jf d is known A can be found, and conversely. 
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The original apparatus used by the Braggs is shown in Fig. 210. The 
rays from the anti-cathode of the X-ray bulb are constricted to a narrow 

J _ i p pencil by the lead slits, A and B, 

/j&T xX| an( i iuipinge on the, crystal 0, 

/ /\\ >JJ JTI mounted on a rotating arm F, 

/ f \v. | |H f \ moving over a, graduated circle. 

1 l/'v^ A |0 ( T ) The reflected beams are received 

I^<C ^ y Y in an ionisation chamber /, also 

X, ]>i voted at the centre of the X-ray 

/// ^ spectrometer, and render the gas 

contained in the chamber, usually 
£ sulphur dioxide, a conductor of 

|H “T~ electricity. The intensity of the 

current })assing ’through the gas, 
measured by an electroscope, in- 

J , dicatos the positions of reflexion 

lie,. 219, — X-ray spectrometer. ~ , . fni . . , . 

from the crystal. J he ionisation 

occurs with homogeneous X-rays at angles corresponding with the different 
orders of spectra given by the equation 2d sin 9-nX. In the graph of 
the current against the angle of incidence, peaks occur corresponding 
to definite wave-lengths in the X-rays, and these are repeated as the 
spectra of different orders arc passed over. In the case of a platinum 
anti-cathode, for example, three peaks are found, showing that the 
X-radiation of platinum is a mixture of three characteristic wave- 
lengths. These reappear whatever the nature of the crystal used for 
reflexion. 

This apparatus lias been modified and improved, the detection of the 
X-ray beams being photographic. 


The original method of Lauc, viz., the production of a diffraction 
pattern of spots by a beam of rays passing through a plate of crystal cut 
in a particular direction, is also used in crystal analysis. 

A third method was developed by Debye and Scherrer and by Hull, 
and is called the powder method. A beam of X-rays is intensely reflected 
•from the structural layers in a crystal only when it meets them at proper 
angles. A powder consists of innumerable small crystals orientated in 
chaotic fashion, but there will always be a number in correct orientation 
for reflexion of a beam of homogeneous X-rays transmitted through the 
powder. The powder is contained in a very 
thin glass tube (shown on the axis of the 
cylinder in Fig. 220) parallel to the slit or in 
the direction of a beam transmitted through 
a small hole, or else the powder is spread over 
a plate arranged for reflexion as in Bragg’s 
apparatus. When the transmission method is 
used the pencil of rays is spread into a series 
of cones, the intersections of which on the 
cylindrical photographic film produce a series of segments of circles 
arranged on each side of the central spot corresponding with the 
axial undeviated pencil (Fig. 220). 



Fie. 220. — The powder 
method of X-ray analysis. 
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Crystal lattices. — By making use of the principle that the intensity 
of the radiation scattered from an atom is proportional to the number 
of electrons in the atom (and thus according to the modern theory of 
atomic structure p. 404, to the atomic number of the atom) it could 
be shown that the two strong reflexions from potassium chloride were 
due to the atoms K and 01, of approximately equal weight. In this 
way the crystal structure shown in Fig, 221 was found, the centres of 
the potassium atoms being represented by circles and those of the 
chlorine atoms by dots. The particles arc not the molecules KOI but 
the atoms (or ions) K and 01 arranged in a cubic lattice. 



The existence of separate ions if] crystals such as rock-salt is made 
probable by : (1) the intensities of X-ray reflexions (Debye and Scherrer, 
Li + and F~ in LiF ; Gerlach and Pauli, Mg'' f and O — in MgO) ; (2) the 
reflexion of infra-red rays {residual rays) ; (3) 
the ionisation in solution and in the fused 
state. 

If in Fig. 221 wo consider the atoms Q as 
sodium and # as chlorine, and the side of the 
cube as a, then d~ u/2. There are 14 chlorine 
atoms, eight of which at the corners belong 
each to eight cubical lattices which may be 
packed around it, only one of these being 
shown. The other six are on the faces, ami 
each is common to two cubical lattices, one 
of which is shown. Hence, of the 14 atoms a 
single cubical lattice has a share of eight 1 K 
atoms, and six \ atoms, or 1 -i- 3 4 atoms in all. Of the 13 sodium atoms 

shown, one is at the centre and 12 are in positions where each is shared by 
four lattices (one only shown), i.e. in one lattice there are 1+3-4 atoms. 
The volume of the lattice is «*-- 8d 3 , where a is the side of the lattice and 
d( Ut) is the distance between the planes of atoms. Thus d A is associated 
with the mass of ouo-eighth of 4 sodium atoms and 4 chlorine atoms, or 
half a molecule of Nad. This is AAi/N = \ x 58-5/0*03 x 10 23 gin., where 
M -molecular weight, N-Avogadro’s number. But this mass is also 
equal to d 3 multiplied by the density of rock-salt, 2-17, honce A x 58*5/ 
6-03 x 10 23 2 17 < d 3 , or d - 2-82 x 10“ 8 cm. 


Kto. 221. — Arrangement of 
atoms in potassium or sodium 
chloride lattice. 


By moans of this value, the wave-length of any kind of homogeneous 
X-rays may he found by using rock-salt as the reflecting crystal and using 
the equation 2d sin 0 = 

This calculation can be reversed, and if the distance d is calculated from 
tho wave-lengths of the X-rays used, and the density of the crystal is 
accurately determined, the molecular weight J\I may bo calculated. If the 
atomic, weights of all tho elements but one composing the crystal are known, 
the unknown atomic weight may be calculated from the molecular weight 
of the crystal. The density of the solid may also be found by another 
modification of the calculation. 


Cubic lattices. — Before the use of X-ray analysis, crystallographers 
had arrived at the conviction that the particles in a crystal are arranged 
at the points of different types of lattice structures (p. 357), and even 
o 
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that the particles are often atoms, not molecules. The analysis of 
crystals by X-rays has confirmed this. 

The simplest lattice is the cubic, of which there are three types, viz. 
the simple cubic lattice, the body-centred cubic lattice, and the face-centrod 
cubic lattice. The simple 1 cubic lattice is shown as one of the eight units 
in Fig. 221, the body-centred cubic lattice as A in Fig. 222, and 
the face-centred cubic lattice as one of the eight units in B in Fig. 
222. In the first the unit cell has eight atoms at its corners, in the 
second there is in addition one atom a t the centre of the cube, and in the 
third there are six atoms at the centres of the faces of the simple cubic 
lattice. The body-centred eubic lattice may In' produced by the inter- 
penetration of two simple cubic lattices so that the corners of one lattice 
occupy the cent ms of the cubes of the second, as shown in C Fig. 222. 
In each unit cell of the body-centred lattice there are 1 -f 8/8=2 atoms, 
whilst the unit cell of the simple cubic lattice contains 8/8 = l atom. The 



ABC 
Fig. 222. — Body-centred and face-centred cubic lattices. 


unit cell of the face- cent red lattice shar<*s 1/8 of each comer atom and 
1/2 of the atom at the centre of each of the six faces, and thus contains 
8/8 + 0/2 --4 atoms. 

The following metals crystallise in face-central cubic lattices : Al, Ca, 
y-Fe, ft-Co, a-Ni, Fu, Rh, Pd, Ag, j8-Fe, lr, Pt, Au, Pb, Th, Sr ; the non- 
metal argon also crystallises in this sytem. in bod 'y -centred cubic lattices 
crystallise : Li, Na, K, Rb, Fs, V, Nb, Ta, Fr, Mo, W, a-Mn, a-Fo. (The 
different allot ropie forms are designated <x, ft, etc.) 

FsFl crystallises in a lattice in which ouch Fs atom is surrounded by 
8 FI atoms Fig. 222 A, but since each of the latter is shared by 8 unit 
cubes, the unit cell contains 1 Fs atom < S/S or J FI atom, or one FsCl 
molecule. 

The lattice of potassium, sodium and rubidium halides, is the simple 
cubic (Fig. 221), with atoms of alkali metal and halogen alternately 
occupying the lattice points. Kach small cube contains 4 x J = J an atom 
of each element. Each halogen atom is surrounded by six equidistant 
metal atoms, and vice verm. (The metal and halogen atoms are really the 
ions, e.g. Na + and FI”). The rock-salt lattice may be produced by the inter- 
penetration of two face-centrod cubic lattices, one of metal ions and one of 
halogen ions. Each crystallographic elementary cube (the whole figure) 
contains eight cube lets, and lienee 4 atoms each of metal ion and halogen 
ion. 

It is noteworthy that* the simple cubic lattice structure (Fig. 221) is not 
represented among metal crystals. 
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Ki«j. 22.‘5. — Oloso packing of spheres 
to form faoo-rontrod cubic and closest- 
packed hexagonal lattices. 


Hexagonal lattices.— The arrangement of atoms in the face -centred 
cubic lattice is the closest packing of spheres. In a layer of equal spheres 
in contact, there are triangular spaces between every three, and in each 
triangular space another sphere may be placed to form a second layer. 
In Fig. 223 a tin? centres of t I k* lower spheres are shown as • and those 
in the second row as C). A third 
layer of spheres may be put on in \ 

two ways. Either they may he /o\/o\ / o\ 
placed in the positions shown by -4 — ft- - V — it 

1 i xi r j i | .* /\0/\®/\0/\ 

0, when the lace-centred cubic yoXyoyyoyyo 
lattice is obtained, built up on \© A © A ©A© 
the octahedral surface (Fig. 223 h ) ; y° y 0 y / °\ 

or they may be arranged in the ' A r 

positions shown bv •, i.r. verti- ,, , . ... 

callv above the atoms m the first t0 fornl | ar(M ,„, tl J ( . l)bj > mi( | ..Lest- 
layer, when a lattice with hexa- packed hexagonal lattices, 
gonal symmetry is obtained, viz. 

the hexagonal closest parking of spheres : it consists of t wo inter- 
penetrating hexagonal lattices, the first comprising the atoms in 
the layers 1, 3, f>, .... and the second the atoms in the layers 2, 

4-, b The ratio of the axes (p. 3o3) is c : a - 1*033 : I for equal 

spheres. 

In hexagonal lattice's crystallise Be, Mg. Zn, (M, a-Oe, Ti, Zr, Hf, a-Co, 
Hu, and 6s. The distances bet ween the atoms in all these lattices vary 
from about 2*5 to 4*f> A.l\ 

Metals crystallising in tetragonal lattices are germanium and white 
tin ; in the trigonal lattice- (which may be regarded as an elongated 
cube) crystallise arsenic, antimony and bismuth. 

Some important lattice types. -The diamond lattice may he constructed 
by taking a lace-centred cubic lattice of carbon atoms and putting a 
carbon atom in the centre of alternate cubelcts as shown in Fig. 224- (a). 
Each carbon atom forms the centre of a regular tetrahedron, the corners 

of which are occupied by four 
y-dfxES; ~T"f— carbon atoms, as may be seen by 

I i\\ drawing the lattice as in Fig. 

s' 224 (/>). Diamond is an example 

an atomic lattice in which the 

J/ 1 atoms are linked by directed 

i ~J_ _ valency forces, as contrasted with 

• ^ \,S flu* ionic lattice of an alkali halide 

a b such as sodium chloride, in which 

Fin. 224. — Tho diamond lattice. Ibe separate charged ions arc not 

linked by directed valencies but 
exert undirected electrost atic forces on one another. Silicon and grey 
tin crystallise in diamond lattices. 

The zinc blend lattice is similar to that of diamond : each zinc atom 
is at the centre of a tetrahedron of sulphur atoms and each sulphur 
atom at the centre of a tetrahedron of zinc atoms. The wurtzite lattice 
(the second form of zinc sulphide) is formed from the zine blende lattice 
by rotating alternate planes about an angle of 00" around the vertical 


-Tho diamond lattice. 



INORGANIC CHEMISTRY 


392 


[CHAP 


axis. The tetrahedral symmetry is not disturbed but the arrangement 
(Fig. 225) is different from that in diamond. 

The fluorspar lattice is made up of a face-centred lattice of calcium 
ions penetrated by a simple cubic lattice of fluorine ions, so that the 
corners of this lie on the quarter lengths of the diagonals joining the 



Fio. 225. — Wurtzito 
lattice. 


Fia. 22 f>. — Fluorspar 
lattice. 


Fig. 227. — Lattice of 

KjjPtClg. 


calcium ions (Fig. 226). Each Ca ++ ion is surrounded by SF ions, each 
F ion by 4 Oa 44 ions. In the elementary cube are 8/8 f 6/2=4 Ca 44 
ions and SF~ ions (corresponding with the formula CaF 2 ). The F“ 
ions lie on the corners of a half-sized inner (tube, as shown. 

An interesting cubic lattice is that of K 2 PtOJ 6 (Fig. 227). This may 
be regarded as a fluorspar lattice in which F is replaced by K 4 , and 
each Ca 44 by PtCl B “. in the complex ion PtCl 6 , the central Pt 
atom is surrounded by six Cl” ions in octahedral arrangement, thus 
confirming the assumption of Werner. ( For simplicity oi ily one PtCl 6 *“ 
is shown in full.) 


As a more complicated example we may consider the calcite lattice 
(Fig. 228). This may be regarded (not quite strictly) as a deformed rock- 
salt lattice. The latter is imagined stood on a 
diagonal (looked at from above in tins figure), 
all tlie Na 4 ions replaced by Ca‘ H ions and all 
Cl~ ions by carbon atoms, each surrounded by 
a triangle of 3 oxygen atoms in a plane at 
right angles to the diagonal (the plane of the 
paper) ; then on account of the space occu- 
pied by these oxygens the cube expands in a 
horizontal direction and gives tho cleavage 
rliombohedron of oalespar. Calcium and car- 
bon atoms are spaced at equal intervals along the axis of the crystal, 
and each carbon is surrounded by three oxygens, forming the carbonate 
ion C0 3 — . 



The graphite lattice consists of flat hexagonal rings of carbon atoms 
arranged in equidistant layers, such that the atoms in alternate layers 
are in similar positions in the hexagons (Fig. 229). In these planes, 
which correspond with the cleavage planes, each carbon atom is sur- 
rounded by three other equidistant atoms ; the fourth valency is 
directed towards an atom alternately above and below the plane and 
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at a much greater distance, and is hence very much weaker, as appears 
in the ready cleavage of graphite in the direction of the planes of 
hexagons. 

Resides the above lattice types, there are others, some described 
elsewhere, e.g. the perovskite lattice (p. 707) The tetragonal Lattice may 
be regarded as an elongated cube with 
eight particles at the corners. The 
calcium carbide lattice resembles a rock- 
salt lattice in which alternate points are 
occupied by 0a +4 and rod -shaped 
| — feriO — ]”“ ions with their axes 
parallel to the cube edges, whilst in the 
pyrites lattice (p. 934) the — S — S — 
groups are inclined. 

Experiment suggests that actual crys- 
tals arc not perfect lattices but consist of 
aggregates of innumerable tiny “ blocks,’' 
each part of a perfect lattice, joined to- 
gether by loose ions which alone take 
part in the conduction of heat and elec- 
tricity. Between these aggregates are, 
therefore, 41 (tracks,'’ similar to the layers of mortar between the bricks 
in a house, and the irregularly arranged ions in the cracks are those 
which cement the blocks together and act as conductors (Sinekal, 1927). 
Each lattice block may contain about 10,000 ions or molecules. 

Atomic numbers. — Barkla, and Kaye (1909), found that a solid 
element when bombarded by a sufficiently rapid stream of cathode 
rays emits a characteristic X-radiation. This may be resolved into a 
spectrum by reflexion from a crystal, as explained on p. 387. Moseley 
(1913-14) used a crystal of potassium ferrocyanide and photographed 
the spectra of various elements. 

The elements {e.g., W, Eo, On) or their solid compounds {e.g. KC1) were 
used as anticathodes in an X-ray bulb, mounted on a trolley inside the bulb 
so that they could be brought in succession in front of the cathode. Several 
kinds of rays, the K, L, ill, N and O, have been detected, the first two by 
Moseley and the others by later workers. The K -radiations are of the 
shortest wave-length and are emitted by all elements. The L -radiation, 
shown from copper and elements of higher atomic weight, is of longer wave- 
length than the K -radiation, and the M, A T , and O-radiations, shown by 
heavier elements, are of still longer wave-length. The K -radiation of each 
element consists of four lines, but these appear as two pairs in each of 
which the two linos are very close together and were not resolved in 
Moseley’s photographs. The Z, -radiation gives a larger number of lines 
than the K ; in the case of tungsten, Siegbalm measured eighteen lines in 
the L spectrum. 

The K spectra obtained by Moseley consisted in all cases of two lines 
K<x and Kfi (really the two K pairs), one stronger than the other, the 



Em. 229. -Linking of carbon 
atoms in graphite. 
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wave-lengths of which decreased in a regular manner as the atomic 
weights increased. In Fig. 230, given by Moseley, the spectra are 

placed approximately in register, 
parts representing the same angle 
of reflexion by the crystal being 
in the same vertical line. 

The elements, beginning with Ca 
at the to} >, are in the order of their 
atomic )* umbers* running from ( 'a 20 
to Zn 30, l ho element Sc (No. 21) 
being missing. The Zn lines, with 
those of Cu, arc shown by brass. 
The Co spectrum shows a faint 
Ni line due to impurity. The gap 
where Kr should come is clearly 
seen, since the Ca lines arc shifted 
much more to the right in com- 
parison with those of Ti than m 
any other pair in tin* diagram. Jt 
was lbnnd that with increasing 
atomic number the wave-length 
becomes increasingly smaller. 

Tlif' frequencies u arc given by 
C — nXy where c is the velocity of light. < lenerally, the tra renumber v --- 1/A 
is used instead of the frequency. 

The square-roots of the wave-numbers of corresponding strong A'a 
lines in the spectra of successive elements taken in the order of their 
atomic numbers give practically a straight line. In Pig. 23 1 , the* square- 
roots of the frequencies of the K , L , M * and ,V series an* plotted against 
the atomic numbers. If v is the wave-number of the A'a line, v 0 a 
constant (Rydberg’s constant), and A T the atomic number, then 
Moseley found that : 
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Moseley's law shows that the order of values of Q is the same as that 
of the elements in the periodic table, although in some cases (e.y. Co and 
Ni ; To, I) the order of atomic weights is reversed. The atomic numbers 
of Cl and K, deduced from the equation, are 17 and 19, leaving a gap, 
38, for argon, although the latter has an atomic weight higher than that 
of potassium. Moseley’s Jaw 7 gives the places in the sequence of atomic 
numbers where there are missing elements. In this wav the elements 
of number 43, til , 72, 75, 85 and 87 were found to be missing, and these 
w r ere afterwards discovered. 



Fig. 230. — X*ray spectra (Moseley). 
K -rays. 
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Since all isotopes of an element occupy the same place in the Periodic 
Table they have the same atomic number and the same X-ray spectrum. 
This has been confirmed with some isotopes of lead. 


Atomic Number 



Moseley’s results show that the atomic number is a property of the 
atom more fundamental than the atomic weight, and he suggested that 
this was the positive charge on the nucleus of the atom. 

This suggestion, also put forward by \an don Brock (1913), is the 
basis of Rutherford’s theory of atomic structure (p. 404). According 
to this the very small positively charged atomic nucleus is surrounded 
at relatively great, distances by negative electrons. Since the atom is 
neutral, the total number of electrons is equal to the positive nuclear 
charge in electron units, i.c. to the atomic number. 
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Refinements in X-ray spectroscopy show that the linear character of the 
L , M, N and 0 series is only approximate, and the curves show definite 
changes of direction (Fig. 232). The ordinates are values of \V/v 0 , where 
c 0 is Rydberg’s constant. These breaks are important in the theory of 
atomic structure, since thoy appear at the beginning and end of successions 
of closely related elements, e.g. Sc to Cu ; Y to Ag ; etc. In these the 



transition from one element to the next, instead of leading to a marked 
change of properties produces little change, and since the relation to the 
transitional elements of Croup VIII is apparent, those sequences of elements 
are called “ transitional series.” This behaviour is very marked in the 
group of the rare earth elements (Nos. 57-71). 

Radioactivity. — In 1806 Beequerel found that uranium salts could 
affect a photographic plate through a layer of black paper, and also 
discharge an electroscope. Thorium compounds were found by Schmidt 
'and by Mine Curi6 in 1808 to have similar properties. The substances 
Were called radioactive, from their property of emitting radiations of 
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the kind described. Tn the study of radioactivity the following methods 
are used : 

(1) The action on a photographic plate. 

(2) The phosphorescence of platinoeyanides, willemite (zinc silicate), 
kunzite, and Sidot’s blende (zinc sulphide). 

(3) The ionisation of gases. 

The most convenient is the third method ; the ionisation, which makes 
the gas conducting, is detected and measured by the gold -loaf electroscope 
(Fig. 233). The strip of gold-leaf (i is attached to the vertical rod R, 
supported by a horizontal rod K insulated on blocks of sulphur S, and 
terminating in a metal pinto B. Below is a second 
metal [date A % on which the material to be tested is 
placed. The gold-leaf is observed through a micro- 
meter eye-piece, the loaf being given a. charge t hrough 
the wire which is insulated in a sulphur stopper S t 
and can be swung away from t.ho rod R when the 
latter is charged. If the substance C is radioactive, 
the air between A and B becomes conducting, owing 
to the production of positive and negative gaseous 
ions, and the charge leaks away at a rate which may Gold-leaf 

bo observed by the fall of 1 ho gold leaf. The electro- c oc rose ope. 
scope is much the most sensitive analytical instrument known, since 
10 12 gm. of radioact ive material can be recognised. 

Radium. — By means of the ionisation method Mine Curb* found that 
the native uranium ore pitchblende (mostly uranium oxide U 3 0 8 ) was 
more active for the same weight of uranium than a purified uranium 
salt, and she suspected that this was due to the presence in the ore of a 
new (dement much more radioactive than uranium. She succeeded in 
isolating from pitchblende an intensely active 4 substance ; this was a 
salt of a new' element radium. It had an activity a million times that 
of uranium. In highly purified specimens this activity is doubled. 

The separation of the radium from pitchblende is laborious. The radium 
accumulates in the barium separated from the residues. Radium and 
barium chlorides are separated by a long series of fractional crystallisations ; 
with the bromides eight crystallisations suffice. 

A formor source of radium compounds w as the cuniotitc of Colorado, with 
5 to 10 mgm. of Ra per ton. Rich deposits of pitchblende in the Belgian 
Congo superseded carnotite, and there are rich deposits of pitchblende in 
the Croat Bear Lake territory in N.W. Canada. 

Radium compounds are isomorphous with those of barium ; the 
ratio of chlorine to radium in the chloride is 35*5 : 113, so that on the 
assumption that the formula is RaOL, the atomic weight of radium is 
226. Honigschinid Jrom the ratio RaCL : RaBr 2 found Ra — 225*67. 
Radium is ail element of the alkaline-earth metals group in Group II. 
The crystals of the pure salts are colourless ; if they contain barium they 
are pink. The solution in water forms hydrogen peroxide and evolves 
oxygen and hydrogen, and the solid salts ozonise air. In the dark they 
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shine with a green phosphorescent glow. Radium chloride melts at a 
high temperature and solidities to a glassy mass which (unlike the salt 
containing water) emits an intense bluish- violet light. In accordance 
with the behaviour of metals of its group, radium sulphate is less 
soluble than barium sulphate. In t he bunsen flame radium compounds 
give a fine carmine tint, and the spectrum is analogous to those of other 
elements in the group, Glass is coloured violet or brown by radium 
rays, but the colour is discharged bv beating nearly to the softening 
point-. 

Metallic radium was obtained by Mine Gurie and Debierne in 1010 
by electrolysing a solution of the chloride with a mercury cathode and 
separating the mercury from the amalgam by distillation. It is a white 
metal, m. pt. 000°, which rapidly tarnishes in air, forms a nitride, and 
decomposes water with evolution of hydrogen. 

Rays from radioactive substances.— By interposing sheets of metal 
foil and superposing powerful magnetic fields in the electroscope method, 
it was found that radium emits three kinds of rays (Fig. 234) : 

1. The a-rays : positively charged particle easily absorbed h\ thin 
metal foil and having a limited range in air (7 cm. when entitled from 
Rat’'). 

2. The /3- rays: negatively charged particles identical with free 
negative electrons, emitted with speeds approaching the velocity of 
light and oi ten able to penetrate thm sheets ol aluminium. 

3. The y-rays : not deflected b\ magnetic fields, consist ing of waves 

identical with very short X-rays (wave-length, 1*3 10 ' to 7 -10 JW 

mm.), and capable of penetrating several cm. of lead. 


The deflexions produced by a magnetic field are seen in Fig. 234 to be in 
opposite directions with the a- and /3-rays: the y-rays arc undeflected. 

The or-ra t \s have a shorter range than 
the /3-rays. 

The phosphorescence effects of radium 
are mainly due to the a-ravs, which 
with their large mass and high velocity 
(iV» t<> io that of light), have large 
kinetic energies. I n the spint hariscope 
(|>. 12o) the impact of each a-particlo 
on tin* screen produces a bright flash, 
and in this way the particles can be 
counted. Lord Rutherford found for 
the or-rnvs t he value <• !w (eharge/mass) 
-o-07 - 10 4 cm b./gm., and Rutherford 
and Robinson I 82 x IO 4 emb./gm., 
almost exactly half that for the hydrogen ion in electrolysis. They 
may, therefore, consist of atoms of weight 4 (helium), with two unit 
charges. By sealing radium emanation in a t bin glass tube, Rutherford 
and Royds (IffOK) found that a- particles escaped into an outer vacuous 
tube fitt<*d with <»lcctrodcs and, on passing a discharge, the helium 
spectrum was detected, Rutherford and Geiger measured the charge 



Fig. 234. Magnetic deflexion of 
rays from radium. 
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conveyed by a counted number of a -particles and found the charge on 
each to be 3*1 x 10 19 cmb., hence m — 0*flf>x 10 -23 gm. The mass of 
the hydrogen atom is Mi x 10 24 gm., hence the atomic weight of the 
a-particle is (‘lose to 4. 

The a-particle is regard* *d as a helium atom which has lost two 
negative* electrons. The diameter of t-lu* a-particle is very small com- 
pared with that of the helium atom. The speed of a- particles emitted 
by radium is about. 2 x 10 !> cm. per sec., hence the kinetic energy is 
1*3(5 x 10~ r> erg, or 2-4 x 10° times that of a gas molecule at 0° (p. 122). 
This large energy accounts for the phosphorescence effects and for 
most of the heat evolved by radium, which amounts to 25*5 g. cal. 
per gm. of radium per hour. Each a- particle from RaO' ionises 237,000 
gas molecules in its passage through air. 

Although the jS-ruys are more penetrating to matter in bulk than the 
a -rays, on account of their smaller size and higher velocity, they are more 
deflected in encounters with individual atoms than an* a-rays. Their paths 
deviate much from straight lines, as has been shown by the Wilson method 
(p. 403) : they are frequently deflected through ISO . On account of its 
smaller mass and kinetic energy a /3-particle produces much less ionisation 
for 1 cm. path than an a-particle : the total number of ions produced in air 
by /J-rajs from 1 gm. of radium m equilibrium with its products of dis- 
integration is 9 x JO 14 per see. 

The activity of radium is unaffected by temperature : it is the same 
in liquid air as at a red heat. In this respect, radioactive changes differ 
from ordinary chemical reactions, the velocity of which is largely 
influenced by temperature. 

Radium emanation.— 1 1 was noticed that, a gas, called radium 
emanation , is continually evolved from radium, which may be swept 
away bv a current of air and condensed in a tube cooled in liquid air. 
By direct weighing of 0*1 eu. mm. or 0*001 mgm. of this gas on the 
micro-balance its atomic weight (on the assumption that it is mon- 
atomic) was found to be 222*4. It is an inert gas belonging to the 
argon group. It liquefies with great sharpness between -152° and 
- J54 J ; the liquid boils at - f>.V and solidities at - 71. Under the 
microscope the liquid is colourless and transparent, whilst, the solid is 
opaque. The liquid glows with great brilliancy in a glass tube, with a 
steel-blue light, which at lower temperatures changes to brilliant orange- 
red. Ramsay proposed for the gas tin* name niton (Latin nit id us — 
shining), but radon, proposed by Schmidt in 191ft, is now used. It has a 
characteristic spectrum, similar to that of xenon, and is distinctly 
soluble in water. 

The unit of radioactivity is the curie, which is the activity of 04)3 
cu. mm. of radon in equilibrium with I gm. of radium. 

Ramsay and Noddy observed that, radon on standing gradually lost 
its characteristic spectrum, whilst tin* helium spectrum appeared. 
The conversion of radon into helium was also proved by the experiment 
of Rutherford and Boyds ment ioned on p. 39K. The radon changes into 
helium and other products, and lresh radon is produced from the 
radium. 
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The atomic weight of radium is 220, and the observed density of radon 
gives its atomic weight as 2224. The difference is 3*6, roughly the 
atomic weight of helium. The radon is formed with one a-particle in 
the first step in the disintegration of radium : Ra (220) = a-particle 
(4) + Rn (222). Two gases, helium and radon are the first product 
from solid radium. 

Theory of atomic disintegration. — Radium is an element. It has a 
definite atomic weight, a definite spectrum, and a definite position in 
the periodic tabic. Radium is constantly changing into helium and 
radon. Radon is unstable and produces helium and a solid deposit on 
surfaces exposed to radon. This solid active deposit in turn gives other 
products in definite stages, each stage accompanied by the emission 
either of a-rays, or of /3-rays and y- rays. There are eight changes 
passed through in succession from radium to the final inactive product, 
and altogether five a-particles and five particles are emitted. The 
atomic weight of radium is 226, and the five a-partieJes have a mass of 
5x4 = 20, hence the atomic weight of the final product is 226 - 20 - 206 ; 
hence it would seem probable that the final product is an isotope of 
lead. This has been confirmed. 

The energy emitted by radium comes largely from the kinetic energy 
of the swift and massive a- particles shot from the disintegrating atoms. 
The hypothesis of the spontaneous disintegration of atoms was put 
forward by Rutherford and Soddy in 1903. 

The fraction of the total number of atoms undergoing disintegration 
in unit time is constant ; in other words, the activity diminishes ex- 
ponentially with the time : 

A>A> •« 

where N 0i N t are the numbers of atoms present at the beginning and 
after t secs., and A is the d isintegration (or decay) constant. The inverse of 
the fraction disintegrating per unit time is called the average life of the 
element, t = 1/A; it is 1443 times the period in which half the atoms 
have undergone disintegration (half-life), 7 T — 0*693 /A. Each radio- 
element is characterised by its average life, which may vary from some 
billionths of a second to millions of years, according to the stability of 
the element. 

Radioactive equilibrium is a state in which a parent clement produces 
a decay product at the same rate as the latter undergoes further change. 
It is a stationary state but differs from ordinary chemical equilibrium 
because the amounts of the different substances involved are not con- 
stant, and the changes are not reversible. 

In radioactive equilibrium the amounts of parent substance and 
disintegration products are in the ratio of their average lives. 

Radioactivity of uranium. — In 1900 (Vookos found ttuft if an ordinary 
uranium salt is treated with ammonium carbonate, a slight residue is 
left in which all the photographic activity of the uranium salt is con- 
centrated. The solution emits a-rays, which discharge an electroscope 
but do not affect a photographic plate, whilst the residue emits /?- arid 
y-rays, which are photographically active. The precipitate contains a 
substance called uranium-X (actually a mixture) ; on standing it 
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became inactive, whilst the solution legaincd its activity and yielded 
another specimen of uraniurn-X. Uranium can grow uranium-X. 

Boltwood and Buddy (1905) found that radium is produced spon- 
taneously from uranium, but the change is not direct. An inter- 
mediate element called ionium is formed, which was separated by Holt- 
wood from the mineral earnotite. He also noticed that uranium in 
disintegration gives two kinds of a- particles, which suggests that t here 
are two varieties of uranium, called uranium-I and uranium-II. U-ll 
passes directly into ionium by emission of an a-partiele, whilst U-I 
passes into U-Xj. From U-A\ two products an* obtained, each by 
emission of a j3- particle, viz., l T -X 3 (99*7 per cent.) and U-Z (0-3 per 
cent), each of which, by emitting a j3- particle, passes into TJ-II. This 
is ail example of a branch chain in disintegration. The complete series 
of transformations of uranium (which includes that of radium, of w r hich 
uranium is the parent) is given in the table on p. 402. The table also 
gives the transformations in the actinium series and in the independent 
thorium series. 

Radioactivity of thorium. In 1902 Rutherford and Soddy found that 
thorium gives off an emanation which behaves as a gas. By adding 
ammonia to a solution of a thorium salt they found that the filtrate 
from the thorium hydroxide contained a very active substance, which 
they called thorium-X. After a month's time, the thorium-X had lost 
its activity, whilst the precipitate of thorium hydroxide recovered the 
activity of the original thorium salt, i.e. the activity lost by the fhorium- 
X. It is now known that Tli-X is formed from Th through three inter- 
mediate products, mesothorium-I, mesothorium-II, and radiothorium. When 
Th-C is reached the atoms disintegrate* in two different ways. Thirty- 
five per cent emit a -rays, forming Th-C", which then emits /3-rays, 
forming lead ; whilst 65 per cent emit /3-rays, forming Th-C', which then 
emits a-rays, forming lead. No detectable rays are emitted by Als-Thj, 
so that the production of Ms-Th 2 from it is called a rayless change. 
Probably feeble j8-r ays are emitted. 

The actinium series. -De bier ne in 1899 separated from the iron 
group in the pitchblende residues another active substance, which he 
calk'd actinium. The immediate parent of actinium is protoactinium, 
formed by a /3-ray change from an isotope of f T -X 1 tailed uranium- Y. 
Protoactinium gives actinium by emission of an a- particle. Proto- 
actinium, although an element of Croup V. is chemically similar to 
thorium and zirconium in Group J V rather than tantalum, and accumu- 
lates in the zirconium phosphate in the residues from the pitchblende. 
Protoactinium pentoxide is a heavy white powder with feebly basic 
properties. The final product of the actinium series is an isotope of lead, 
of atomic weight 207. 

The position of radio -elements in the periodic table. — The position 
of an element in the periodic table is fixed by its atomic number, 
equal to the positive charge on the nucleus of the atom in terms of the 
electronic charge as unit. The atomic numbers of uranium, thorium 
and radium are known from the positions of these elements in the 
periodic table (p. 368), and the atomic numbers of all disintegration 
products may be calculated by subtracting 2 for each a-particle emitted 
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(loss of charge t 2), or adding 1 for each /3-particle emitted (loss of 
charge -- 1). The positions of the disintegration products are governed 
by a simple rule (Russell, Soddy, and Fajans, 1913). In an a-ray 
change (in which an a-partiele is expelled from the atom) the product 
falls into a group of the periodic table two places lower than that of the 
parent element. In a /3-ray change (in which an electron is expelled 
from the atom) the product, falls into a group one place higher than that 
of the parent element. 

Radium, in the second group, emits an a -parti ole and forms radon, an 
inert gas of the zero group ; Ral) (an element of Group XV) emits a 
/8-partiele and forms RaE, an element of Group V. 

The three main series of radio-active elements an* shown in Fig. 235, 
in which their positions in the periodic table are evident. More than 



one kind of atom may occupy the same place, specified by the atomic 
number given at the foot of the table, and these different kinds of 
atoms are isotopes (see p. 382) ; they are inseparable one from another 
by ordinary chemical processes but may be distinguished by their rates 
of disintegration and the nature of the elements from which they are 
derived or of the products to which they give rise. Isotopes are differen- 
tiable by their atomic weights and their densities, since the atomic 
volumes are identical. 

The molecular solubilities of common lead nitrate and of uranio-lead 
nitrate are 1*7993 and J-7991 gni. mol. per litre, respectively. The actual 
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weights of lead per 100 grn. of water are .'$7-28 1 and 37* 130, substantially in 
the ratio of the atomic weights. 

The X-ray spectra, of ordinary lead and of uranium lead, winch depend 
only on the atomic number, arc identical wit hin the error of 0*000! A. The 
arc spectra differ by about 0 00a A., w Inch is measurable (Alert on, 1010). 

Radioactive elements not included m the series of Fig. 23f> include 
isotopes of potassium and rubidium in (boup I, showing feeble /Fray 
activity, and of samarium in <«roup IJI, sjmwing feeble a -ray act iv it \ . and 
also the transurainc elements with atomic numbers higher than that of 
uranium (p. 407). 

The tendency of workers on radioactivity was to regard isotopes as 
different (dements, hut since they are identical ni chemical pro pert ies, 
Paneth (1010) suggested that they should be regarded as varieties of 
elements. Perhaps the most satisfactory definition, closely related to 
^Moseley's law (p. 30 1), is that an (dement is defined by its atomic number. 
The discovery of non-rudioactive isotopes stadias hydrogen and deuterium, 
which are readily separated and have widely different properties, has 
made this problem rather more difficult than was suspected. Cases 
of different radioactive elements with tin* same atomic number and 
mass are also known. 

Deflexion of *-rays in gases. -The a-partieles passing through air 
produce gaseous iousuliieh can act as centres for deposit ion of moisture. 
In a vessel of air saturated with moisture and suddenly cooled by ex- 
pansion, the paths of the rays become visible in lines of droplets of 
water condensed on the ions, which can be photographed. In this way 



Fig. 236. — Tracks of a -rays. Fig. 237. Tracks of two 

a -rays (enlarged). 

C. T. R. Wilson obtained the photograph shown in Fig. 23b. The paths 
of two single a-ravs an' shown in Fig. 237. It is semi that they end 
abruptly. The a-partielc must have passed through several gas atoms 
without suffering appreciable dellexion, but the left-hand track shows a 
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large deflexion at its end, and a very small spur going off in the other 
direction. The latter represents the track of the gas atom which stopped 
the a-particle ; this had imparted to it a recoil velocity, and the angle 
between the track and the original direction of the a-particle gives the 
relative masses of the striking and struck particle, in agreement with 
the laws of elastic collision (oxygen 1 6*72 : h 0*42 ; helium 4*03). The 
method gives a means of determining the masses of single atoms 
(Blackett, 1 022). 

The structure of the atom. — The abrupt and often large deflexion 
of the a-particle at the end of its track suggests that its posit ive charge 
approached very close to some positive 1 charge in an atom of gas, a 
large repulsive force arising between the two like charges. As the 
a-particle passed through several atoms without deflexion, this positive 
atomic charge must be concentrated in a small volume compared with 
the volume of the atom. Calculation from the deflexions by the 
inverse square law shows that the two charges approach within a dis- 
tance of 10 12 cm., whereas the radius of an atom is of the order of 
10 8 cm. 

The atom is electrically neutral, and in addition to the positive 
nucleus it must cont ain liegat i ve electrons. Rut herb >r< 1 in 1 01 1 assumed 
that it consists of a small positive nucleus surrounded by electrons 
revolving about the nucleus, the diameter of the outer orbit being the 
diameter of the atom. The greater part of the atom is empty space. 
The electrons have a very small mass, so that the mass of the atom is 
concentrated in the positive 1 nucleus. 

The hydrogen atom was assumed bv Bohr (1013) to consist of a 
nucleus of charge + I (the proton, p. 224), with one electron of charge 
- 1 revolving around it in a circular orbit. The nucleus of the helium 
atom (mass 4) has a charge (and atomic number) of 2, and is identical 
with the a-particle. In the helium atom there are two electrons outside 
the nucleus. 

The series of atomic numbers suggests (sum den Brook, 1013) that 
successive atoms counting from hydrogen have nuclei containing one 
additional positive charge lor each step in atomic number. This is con- 
firmed by the deflexion of a-rays by various atoms 1 . 

By measuring the scattering of a-particlos passing through thin sheets 
of metal, Chadwick ( 1020) calculated the charge on the nucleus of the metal 
atom, on the assumption that the deflexions were caused hy the approach 
of the positive helium nuclei towards the positive nuc lei of the atoms. For 
platinum, silver, and copper the nuclear charges were found to ho 77*4, 
40-3, and 20 3, in very good agreement with the atomic numbers 78, 47 
and 29, of these elements. The number of scattered a-particlos was counted 
by the scintillation method (p. 125). 

In chemical changes only the outer electrons are disturbed. The shift 
of outer electrons from one orbit to another is supposed to give rise to 
radiation emitted by the atom, i.e . to its spectrum . It is only in radio- 
active changes, or in changes brought about by fast a-partieles, hydrogen 
or deuterium nuclei, neutrons, or y-rays, entering the atom, that the 
nucleus of the atom is affected (p. 406). 
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In the atom there are two distinct regions — the nucleus and the 
outer electrons. The nucleus is exceedingly small in comparison with 
the size ol the atom, and the positive nuclear charge is equal to the 
atomic member of the element. The outer negative electrons in the neutral 
atom balance the positive charge of the nucleus, or are n fewer or greater 
in the case ot the /v -valent positive or negative ion. The electrons are 
situated at relatively great distances from the nucleus, and in the 
heavier atoms they are arranged in several shells or orbits. Recent 
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theory regards Rutherford’s picture of electrons revolving around a 
pu clous as too simple, but the idea of shells (or energy levels) is retained. 

Since the mass of the or- particle or helium nucleus is 4 and its charge 
is +2, it is assumed to he composed of 2 protons (mass 1, charge + l) 
and 2 neutrons (mass 1, charge 0). The nuclei of heavier atoms are 
supposed to he built up from p protons and n neutrons, so that the mass 
is p + n and the charge p. The charge is equal to the atomic number. 
The nuclei of the three isotopes of oxygen, of masses 1(5, 17 and 18, have 
the same charge +8, equal to the atomic number, and contain 8 pro- 
tons. In addition they contain 8, 0 and 10 neutrons, respectively. 

The transmutation of elements. —Although the rate of disintegration 
of the atoms of radioactive elements cannot ho influenced by any known 
means, the collision of swift a-partieles, protons (hydrogen nuclei), 
deuterons (deuterium nuclei), neutrons, or y-ravs, with atoms of other 
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elements can cause' the disruption of the atomic nuclei, leading to the 
ejection of fragments of the atom with such velocities that their 
presence may be detected by the scintillation method. 

Rutherford in 19 It) extended an observation by Marsden (1914), 
according to which the protons (11-nuclei) ejected by the a- particles 
of Ra-0 by collision with hydrogen atoms had a range of about 28 cm. 
in air as determined by the scintillation method on a zinc sulphide 
screen, whilst the range of the a-particle is about 7 cm. The identity 
of the long range particles with H -nuclei was established by the 
measurement of cm by deflexion in electric and magnetic fields. 

Rutherford, partly in collaboration with Chadwick, showed that 
long range protons are also produced by the bombardment of boron, 
nitrogen, iluorine, sodium, aluminium and phosphorus by a-rays, and 
thus provided a proof that the nuclei of these atoms contain H-nuciei 
or protons, and at the same time gave the first definite case of artificial 
disintegration of an element. The number of atoms disintegrated is 
exceedingly small. 

Blackett (1922) by the Wilson method (p. 409) obtained photographs 
of collisions involving the expulsion of protons from atoms. When a- 
particles (mass 4 ; nuclear charge 2) bombard nitrogen atoms (mass 
14 ; nuclear charge 7) they apparently enter the nucleus of the atom, 
producing a particle of mass 14 4 4=18 and nuclear charge 1 7 \ 2 — 9, 
i.e. an isotope of fluorine (atomic number -9), This nucleus emits 
a proton (mass l ; charge I), leaving a nucleus of mass IS - 1-17 
and charge 9-1 = 8, i.c. an isotope of oxygen (atomic number = 8). 
The branch at the end of the a-ray track shows only two prongs, 
corresponding with the H- particle and the new nucleus. This is an 
example of the artificial building up of an element (oxygen) from a 
lighter element (nitrogen), and is represented as follows, the lower 
figures giving the charges, and the upper the masses, of the nuclei : 

h 7 K i- ^He = l gO 4 x-H. 

In what follows wo denote the neutron by Jw, the negative electron by j 8 “, 
and the positive electron (positron) by /3 + . I) and T denote deuterium 
( 2 H) and tritium ( 3 H) nuclei. Neutrons are formed by the action of a-rays 
on beryllium, when presumably carbon is also produced : 

jBe + aHe- v fa' i 


Some examples of nuclear transformations are : 

^N ■+ jjjlf o = ^9 4 { II 3 T 4 + j4 ) = - ;d*a + ] 1 1 

gLi 4 ]II =■ 2 H® 4 214 c 7 N 4* II.) -- yO 4 ()H 

4 BC + 1 H --™B4y iiNa*+ Ja--jyNe4 Jll 

In some cases alternative changes may occur : 


j nNa 4 ^He 

Sai+1»« - ;Smk-»1h 
Sai 
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Nuclear transformations may l>o shown by the symbols of the initial and 
final nuclei separated by brackets containing the symbols of the impacting 
and emitted particles in this order, or, p, d, /?, and y denoting tlio alpha- 
particlo (or artiticially acceleratod helium nucleus), proton, deutoron, 
neutron, and y- ray : 

14 N(d,») ls O, , *0(y f n) M 0, ta C(a,n) ts O. 

Joliot and Mine Uurie-doliot in 1931 observed that in some case* a bom- 
barding particle is absorbed by the nucleus, producing an unstable atom 
which then disintegrates with emission of a positron. The unstable atom 
behaves as an artificial radioactive element with a characteristic half-life. 
In the bombardment of aluminium with a part ides, t he helium nucleus 
enters the aluminium nucleus, forming an unstable isotope of phosphorus, 
which t-hen disintegrates with the emission of a positron, forming an isotope 
of silicon: 

'^AI + iHo = Jn + i'!l* 

Si* ^+i'K 

The radioactive-phosphorus 15 P has a half-life of 3 minutes and its inter- 
mediate formation is confirmed by its eo-precipitation from a solution of 
the irradiated aluminium along with the common isotope, <*.</. as zirconium 
phosphate, when the precipitate shows radioactivity with the definite 
period of decay. 

Radio-sodium with a relatively long life and giving off intense f}' and y-rays 
is obtainod by bombarding sodium chloride wit h high-energy deut crons : 

TjNu 4 ID - 111 1 

A radioact ivo isotopo of hydrogen of mass 3 (tritium) is formed by collision 
of deuterium nuclei : 

ji) -t-jfD-iT + iIL 

The number of artificial elements has since swelled to very large 
proportions. Some elements not known in nature (e.g. those with 
atomic ntirnbers 43, S3 and 87) can be so produced, but the most spec- 
tacular result is the synthesis of elements with atomic numbers and 
atomic weights higher than those of uranium (atomic number 92). 

Transuranic elements. — -Natural uranium consists mostly of the two 
isotopes - ;w U (99-3 per cent) and (0*7 per cent). When ~ : * 8 U is bom- 
barded with neutrons it, is converted into two new elements witii atomic 
numbers 93 and 94 called neptunium (Np) and plutonium (Pu), respectively 
(named after the planets Neptune and Pluto) : 

2 ieU i i/i = ~$U "’IwMp I- P~ 

1 gN P ^I>u + j 8 -. 

Neptunium and plutonium isotopes are formed by several other nuclear 
reactions. 

The isotope 235 U when bombarded with neutrons undergoes fission into 
two }>arts, radioactive isotopes of barium and krypton, anil more neutrons 
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are emitted so that an atomic chain reaction is set up. Owing to the loss 
of total mass in the process a vast amount of energy is omitted. This 
is the principle of the atomic bomb. Plutonium may undergo fission and 
produce an atomic explosion. 

The isotope 2:t5 U, called actinouramum . is the parent of IJ-Y (Fig. 235). 
Bombardment of 2:i8 U and 231) Pu by very high energy helium ions forms 
two radioactive elements of atomic numbers 95 (americium, Am) and 
96 (curium, Cm), which seem to belong to Group III : 

^U+lHe^Pu+Ja 

2 “Pu=^Am+j3- 
2 9 ®Pu i 5He= 2 9eCm + 3ln. 

Americium and curium isotopes are formed by other nuclear reactions. 

Two radioactive elements of higher atomic numbers, berkelium Bk 
(at. no. 97) and californium (T (at. no. 98) arc formed by bombarding 
americium and curium, respectively, with high-energy helium ions : 

2 JiAm + SHc= 5 ^Bk + 2j» l 

2 96Cin + o H o = ~9g( If + 2 Jh . 

Isotopes of elements no. 43 and 85 have been obtained by bombarding 

molybdenum with deuterons, and bismuth with a-particles, respectively, 

and are called technetium (To) and astatine (At), respectively : 

95 M $w, r 1 

42Mo + |I) 4.'pC-}|)W 

209 u . , 4 U ‘ill * . nl 

83 Bi I 2 He H5 At ■ 2 u /i. 



CHAPTER XXIV 


THE STRUCTURE OF THE ATOM; 
COORDINATION COMPOUNDS 

The structure of the atom. — Dalton and chemists generally through- 
out the nineteenth century regarded the atom as a kind of minute, 
hard billiard hall, incapable of division, all the atoms of a given element 
being exactly alike. The discovery of isotopes disproved the second 
assumption. Ever since Prout in J81(> suggested that all elements are 
formed from the lightest element, hydrogen, chemists suspected that 
atoms might he divisible into simpler parts, though what these parts 
were or how the division was to he made no one knew. With the dis- 
co very of radium by Madame Curie in ISOS, and the investigation of 
radioactivity, it became possible to explore the inner structure of the 
.atom. 

The atom of hydrogen was pictured by Rutherford as consisting of a 
very small positively charged nucleus, outside which and at a consider- 
able distance from it is a negative electron which neutralises the charge 
•of the nucleus. The nucleus of the hydrogen atom is called the proton. 
An uncharged particle called the neutron, of the same mass as the 
hydrogen nucleus, is also known. The nuclei of atoms heavier than 
hydrogen are supposed to be built, up of protons and neutrons ; the 
number of protons is equal to the positive charge of the nucleus, which 
is equal to the atomic number ; the sum of the protons and neutrons 
corresponds with the atomic mass. Outside the nucleus are as many 
electrons as there are protons in the nucleus. Since isotopes have the 
same atomic number, their nuclei have the same number of protons but 
different numbers of neutrons. 

In Rutherfords theory and its development by Bohr (p. 427) the 
electrons were supposed to be revolving around the nucleus in orbits, 
like planets around the sun . The newer developments of atomic theory, 
involving the wave theory of the electron (p. 435), have modified this 
picture, and the idea of point charges (electrons) revolving in definite 
orbits is no longer entertained. 

The next atom to hydrogen, helium, is supposed to have a nucleus of 
mass 4 and charge 2, composed of two protons and two neutrons. 
Outside this nucleus are two electrons. In still heavier atoms the two 
electrons of the helium atom art* retained in an inner shell next to the 
nucleus, and successive atoms in the periodic table may be supposed 
to be built up as follows. 

The positive charge of the nucleus increases by 1 unit for each suc- 
cessive step in atomic number. The mass of the nucleus increases, 
usually by more than 1 unit, by addition of protons and neutrons. The 

m 
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structures of the atoms from hydrogen to neon can then be represented 
as follows : 
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When a 2-eleetron shell is completed with helium, a new shell begins to 
he formed containing from 1 electron in lithium to S electrons in neon. 
The structures of the next period of atoms higher than neon is a repeti- 
tion of this, a new shell of 8 electrons being completed with the next 
inert gas, argon. The outer shells of all the inert gasses contain 8 electrons , 
and this stable grouping of an octet of electrons suggests an arrangement 
at the corners of a cube (G. N. Lewis, 1 hid). In Fig. 238 the inner shells 
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Fig. 238. — Structure of atoms oil the octet theory. 


are supposed to be inside the cubes, only the outer electrons being 
shown. 

The eight elements in periods 2 and 3 correspond with the completion, 
step by step, of two successive shells of 8 electrons around the nuclei : 
the positive charges of the nuclei increase in steps of I unit from one 
element to the next. Periods 4 and 5 contain 1 8 elements each, so that 
it is supposed that shells of 1 8 electrons are completed. Since the outer 
shells of krypton and xenon each contain 8 electrons, there must be 
completed shells of 18 electrons below them, the original outer shell of 
8 in the case of argon and krypton thus expanding to 18. The electronic 
structures of the inert gases are therefore : 


He - 

- 

- 2 

No 

- 

- 2)8 

A 

- 

- 2 + 8 + S 

Kr 

- 

- 2h 8+18 + 8 

Xo - 

* 

- 2 H 8-1-18 1-18 1-8 

liri 

- 

- 2 )- 8 H 18 + 32 1 18-1 8 


Period t> contains 32 elements, hence 32 electrons are added in 
succession in passing from xenon to the radioactive emanation. In 
passing through the series of rare earths, the inner group of 18 elec- 
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irons of xenon expands to 32, whilst the outer group remains as 8+3 
(or 9 ~i 2) electrons. This explains why the rare earths all belong to 
the same group and have the same valency. 

The arrangement of electrons around the nuclei of the atoms of the 
elements is shown in the table below. All elements having the same 
completed groups of electrons (2, 8, IS or 32) are shown in the same 
horizontal row, and the vertical columns contain elements with the 
same number of electrons in the incomplete cmter groups, shown at the 
top. The electronic arrangements are read off as follows : 

02 fG Ca 2 +- S + 8 i 2 Fe 2 + 8 + 14 + 2 

When scandium is reached, instead of the group 2 + 8 +-8 + 3 being 
formed, the group 2 { 8 i 8 expands to 2 \ 8 , 9 and 2 electrons form an 
outer shell. In the ion Sc*” these two electrons and one from the inner 
group arc* lost, so that the scandium ion has the same outer structure as 
argon, 2 » 8 ! 8. The upper limits of covalcncics (see p. 412) 8, G and 4 
are marked by heavy horizontal lines. 
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In the case of some elements of higher atomic weight the groupings of 
outer electrons may be somewhat different from that shown in the table, 
e..g. Mo 2 8 18 13 i ; but since the electrons in the outer shell and the 
shell below this can function as valency electrons, this is not important 
in explaining the chemical properties. 

The electronic theory of valency. — A livdnum atom reacts with a 
fluorine atom to form LF and F ions by the transfer of the outer 
electron of the lithium to the shell of 7 electrons of the fluorine. The 
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lithium ion has the electron pair of the helium atom as its outer shell, 
whilst the fluorine ion has an outer octet of electrons like neon. The 
transfer of the electron gives rise t o the charges of the ions. The chlorine 
atom has an inner octet (the neon structure) and 7 outer electrons. On 
reaction with a sodium atom, with an inner completed octet and 1 outer 
electron, the sodium loses l electron and the chlorine gains 1 electron, 
the ions Na + and 01“ being formed, each with the complete external 
octet of argon. In such compounds as Li+F~ and Na + 01~ there, is no 
true, valency bond between the ions , these being held by electrostatic 
attraction in the lattice whilst in solution the ions are free. Such a link 
is sometimes called an electrovalent link or an electrovalency. 

Lewis assumed that in the formation of an ordinary single valency bond 
(covalent link or covalency) a pair of electrons is shared in common by two 
atoms. In this way one or both atoms may com- 
plete an octet, of electrons. The water molecule is 
formed from an oxygen atom with <> outer elec- 
trons and two hvdrog 11 «*^oms each wit 1 » Viccit^on. 
and the oxygon in uder is .»iod by S elec- 

trons (Fig.* 23b). formation of a chlorine 
molecule from two torus of chlorine, each with 7 
outer electrons, may be represented bv wo cubes joined along an edge, 
this edge having a shared pair of elpH’ons and representing the single 
bond (Fig. 240). If the outer electro s are represented by (lots, each 

atom of chlorine will be : Cl * and th chlorine molecule will be : Cl : Cl : 


H; 




Fig. 239. -Water 
inolof'iile. 


which is the electronic formula orresponding with the structural 
formula Cl — Cl. In this cast 4 , each (doriiio is surrounded by an octet of 
electrons. It should be noted that^ le chemical symbol Cl now repre- 
sents the atomic nucleus plus the c in P]°ted shells (2 + S) <>1 inner elec- 
trons other than valency electrons Id is ls called the atomic core. 



Kio. 240. - Foriimtioigf chlorine molecule. 

A double, bond is formed by four floilly shared elect rons, two from 
each atom, Le. two shared pairs of Petrous. Fig. 241 shows the forma- 
tion of carbon dioxide from Gj r % : O : — : O : : C : : O : the double 
bonds in 0-— C-0 each having f ir electrons. 

A triple bond is formed by si equally shared electrons, three from 
each atom, or three shared pai * : 

H • . C : ’ . : C . * J-’give H : C : : : C : H or H — C C — H 
: N : • . : T- 4?*ve : N : : : N : or N ’--N. 

It must be remem here Id at the octet representation is pictorial 
and the arrangement of ^trons outside the core is not necessarily 
cubical. 
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Electrons which belonged to different atoms may for clearness be dis- 
tinguished by using crosses, etc., but in tho resulting bond there is no differ- 
ence between the electrons : 


H—O—H 

H- 01 

O 

O 

i 

H ; O ; H 

H ; Cl : 

c : 

X 

C* : O 



X X 

H : 6 : H 

JH : Cl : 

0 : : 

C : : 6 


When the pair of electrons required to form a covalent link comes 
from the same atom instead of being provided by and equally shared 
between two atoms, a coordinate link is formed. Coordinate links are 
formed when apparently satu 


other 






rated molecules add cm 
molecules to form what were, 
called “ molecular compounds 
Boron has 3 electrons in the outer 
shell and can share these wit h 3 
fluorine atoms, forming the satu- 
rated compound boron trilluoride 
BF 3 , in which the boron is sur- 
rounded by 6 electrons. Nitrogen 
has f> outer electrons and shares 3 with three hydrogens forming 
ammonia NH 3 , with an outer octet around the nitrogen. Of this 
octet 2 electrons form a lone pair , i.e. are unshared. This pair may be 
donated to the boron atom in BF 3 , so raising the number of electrons 
round the boron from t) to 8. The resulting link may be denoted by 
an arrow iiut^ad of a line : 

H H :F: 

H : N : l V : - H : N : B : F : or H 3 N -> BF 3 . 

H : F : H : F : 


Fla. 241. — Formation of carbon dioxide. 


Actual measurements show that this type of link is longer than an 
ordinary covalent link. Since the shift of charge in the molecule leaves 
the nitrogen with a smaller share of negative electronic charge than the 
boron, the link may be denoted by 

H 3 N+ — "BF 3 

and, (as it- lias some character of a covalent bond and some of an 
electro valent link) it has been called a semi polar double bond, or co-ionic 
link . For this reason ammonia adds to many metallic salts, forming 
what are called coordination compounds, ejj. 0o(NH 3 ) 6 01 3 . The number 
of groups coordinated with the metal atom (coordination number) is 
usually 4 or 6. The atoms or groups attached to the metal (or other 
kk central ” atom) in coordination compounds are attached by co- 
valencies and are not ionisablc ; those “ outside ” the complex nucleus 
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are linked to it by electro valencies and are ionisable. Hence the nucleus 
is often enclosed in square brackets to show that it forms either a 
neutral molecule or a single ion : 

[Co(NH 3 ) 6 ]C1 3 = |Co(NH 3 ) 8 |- + 30'. 

A single shared electron has been represented by a lino between the two 
atoms which share it, unshared electrons being represented by a super- 
script number : 
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C - Cl 

: Cl ; C : Cl : 

CP C CP 
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Formulae I and IT show the usual graphic, formula and the electronic 
formula, respectively, of C(^l 4 ; formula TT1 is written m the way just ex- 
plained. Formula IV is a suggested formula for PC1 5 . Since the valency 
electrons arc accounted for, the symbols of the elements stand for the 
atomic cores. 

If the assumption that the outer completed group of electrons is K (the 
octet rule) is to bo maintained, then it must sometimes be supposed that 
atoms may be linked by single electrons instead of by pairs. For example, 
phosphorus pentaehloride must, be represented as shown, with two 
singlet links. 

It is, however, assumed that the octet rule does not necessarily apply to 
elements beyond the first three periods, and in some cases not even to these ; 
the sulphur atom in SF 6 , for example, is surrounded by 12 electrons 

(: S : i OF-). 

Types of atomic linkage. — The examples given enable us to recognise 
two principal types of atomic linkage : 

(1) Electrovalency in polar or ionic compounds (salts) ; the result of a 
transfer of electrons from one. atom to another to produce two 
oppositely charged ions, each with an independent existence. Between 
them there is no valency bond (in the ordinary sense) but only non- 
direeted elect rostatic forties. Each ion forms a complete atomic core, 
i.e. its outer electron shell is the same as that of the inert gas nearest 
to it in the periodic table : 

: Na : -i * 01 : - : Na :+ + : Cl : 

(2) Covalency in non-polar or covalent compounds (not ionised) ; due to 
sharintj of electrons between two atoms, each shared pair constituting 
an ordinary valency bond, four shared electrons a double bond, and 
six a triple bond. The substance consists of neutral molecules : 

If + • Cl : * H : a : 
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Coordinate links or semi-polar double bonds ; formed by pairs of electrons 
contributed by one of the atoms : 

F 3 B + :NH 3 give F,B -NH, 

Solid crystals may consist of (a) ionic lattices (salts) ; (b) molecular lattices 
e.</. solid 0.„ N a , GO, NO, in which the interniolecular forces 

(between the molecules) are different from the intramolecular forces 
(between the atoms) ; these are usually non-conductors of electricity 
and relatively volatile ; (r) layer lattices made up of large ions each 
associated with two small ions forming practically electrically neutral 
layers held together by weak non- polar forces and easily split into 
thin sheets (e.r/., Odl 2 , Mg(OU ) 2 , etc.) (Fig. 242c); (d) metals and 

0.°.°.° f> o p 0-W 

O O O O P P P 

a be 

Fiu. 242.— -Types of lattices 

their compounds with one another: |Nu|, |Ci|, |Cu„.Mg], perhaj).s 
I IMjjH |, in w I iich there is probably no difference between inter molecular 
and intramolecular forces ; they are difficultly volatile and conductors ; 
(e) accoiding to Grimm and Sommerfckl, solid elements in Group IV, 
or binary compounds of elements from two groups equidistant from 
Group IV on opposite, sides, form atomic lattices with tetrahedral 
linkages, as in the diamond lattice (p. 391) : 

[C| [Si] [CSi] [Gej ISnl 
I AIN | |ZnS| [Aglj : 

these are mostly non-volatile, hard, and non-conductors; (/) in 
crystals of solid argon or of other inert gas atoms the intermolecular 
forces are identical with the intramolecular forces, as in salts and 
metals, but are non -polar. 

The distinction between ioaic or polar (dual Mr) and covalent or non-polar 

d **“* 

(unitary) compounds is evident from X-ray analysis (v.g. Nad ; diamond) ; 
by residual rays; by optical activity or special kinds of stereoisomerism 
which necessitate directed covalent (non-polar) bonds ; b t y colour, etc. 
(e.g. ionisation of a ])olar salt produces little change of colour). In polar 
compounds the sum of the outer electrons is S or a multiple of 8 (e.g. 
8 8 

NaCl) but not in non-polar compounds (; F : F /.<*. J4). 

Abogg dist inguished (lie polar character oi an {dement I >y : (I) ionisation, 

- I 

e.g. IICH II 1 f d ; (2) hydrolysis, v.g. ■ 121LO 3Il. f P*C>4 f f>N H 3 ; 
(3) position in the periodic table as compared with that of other elements 

f - 

with which it- combines, v.g. S a d 2 ; (4) the formulae of (‘{impounds in which 
it exerts its maximum valency. The last criterion is based on Abegg’s 
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theory that an element has a normal valency and a contravalency, the sum of 
which is equal to eight : 


Group 

. I 

II 

III IV 

V 

VI 

VII 

Normal valency 

- +1 

4- 2 

+ 3 -t4 

(-5) 

- 3 

- 2 

-1 

Contra-valency - 

- (-7) 

(-6) 

+ 5 

f 6 

+ 7 


JE.g., S in H 2 S 2 ~ and S fi+ 0 3 . If we represent the compound BF 3 ,NH 3 with 
a semi polar double bond, wo see that the boron atom has a valency of - 5. 


Cook din ation Compounds 

Werner’s theory. — The formation of BF 3 , NH 3 from the two mole- 
cules BF ;l and NH ;l , neither having free valency in the usual sense, is 
explained by the formation of a covalent bond between N and B by 
the donation of the lone pair of electrons of the nitrogen to form a co- 
ordinate bond (dative bond ; somipolar double bond) : F 3 B <— NH 3 , 
a type of linkage believed to be present in large groups of so-called 
coordination compounds, first systematised by Alfred Werner (1893). 

The saturated molecules PtCl 4 and 2HC1 combine to form a stable 
dibasic acid H 2 PtCl 6 , capable of ionisation and of forming salts such as 
K 2 PtCl 6 , in which the chlorine is not ionisable but is firmly bound to 
the metal atom, silver nitrate giving Ag 2 PtCl 6 , not silver chloride. 
Werner represented H 2 Pt01 6 (the valency of the metal being shown 
by a roman numeral) as : 

H 2 [Pt TV Cl 6 ] 2H v [PtWCl 6 ]", 

the group in square brackets forming a complex nucleus. The com- 
pound PtCl 4 also combines with ammonia to form Pt01 4 (NH 3 ) 2 , which 
has no properties of a salt but behaves as a neutral molecule ; it gives 
no reactions for Pt :: or Cl' ions and forms a non-conducting solution. 
It is an unchanged nucleus : [PtCl 4 (NH 3 ) 2 |. In the stable compounds 
containing tervalent cobalt and ammonia (cobaitammines), and in the 
cobaltinitrites, the cobalt atom is also associated in the nucleus with 
six atoms, radicals, or neutral molecules : 

(а) fCo m ( NH 3 ) 6 JCl 3 = fCo I1I (N-H 3 ) 6 ]*“ *+ 3C1' 

(б) |Co I W(NH 3 ) 4 Cl 2 ]CU[Co(NH 3 ) 4 Cl 2 ]' +CI' 

(c) |Co ,n (N0 2 ) 6 ]K 3 -3K* + [Co(N0 2 ) 6 J /// . 

In compound (b) only one-third of the chlorine is ionisable and exists 
as ions bound to the positive nucleus by electrostatic forces, like the 
ions in salts ; the rest of the chlorine is firmly bound to the metal 
atom in the nucleus by covalencies. In a similar way, ferro- and 
ferri-cyanides contain cyanogen radicals attached by co valencies to 
the iron atoms in the nuclei and show none of the reactions of iron 
or cyanides : 


K 4 [Fei'(CN) 6 l -4K* + [Fe«(CN) 6 )"" 
K a [Fe m (CN) 6 ] =3K* + [Fe m (CN) 6 J'". 
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Although in most cases the central atom in the nucleus is a metal, 
non-metallic compounds may he similarly represented, e.ar. with P v 
and S V1 : 


0 0 


0 0 I 

0 in 

ro 

01 


p 


P ! H„ 

p 1 

FT 


h 2 

0 0 

0 h ; 

O H i 

[O 

OJ 


The atoms or radicals in the nucleus are said to be coordinated with the 
central atom, and since they are not ionisable must be attached by 
covalencies. The number of such groups, which is often six, but 
may be four as in |Pt* T (NH.j) 2 (’l 2 |, and sometimes eight as in 
|Mo(CN) a ] K 4 +2HoO and [W(FN) 8 ] K 4 , is called the coordination number. 

Tervalent cobalt and quadrivalent platinum have the coordination 
number six ; bivalent platinum has the coordination number four. 


Compounds of Colli 

[Co(NH,) 6 | Cl :) luteo-s alts 
[Co<^] Cl 3 roseo -salts 

Cl 2 purpurco- salts 

[ft, <*«»>•] 01 pmteo-H* H.s 

F (\ T H \ 1 ~ terms : 

I Co ^ I Cj Jlaro-mltti , rrorr.o-salts 
C 2/2 (NO, is the nitrite radical) 

[«] 

[«> 

[Co 


2 forms : 

(Jifobs’s orange 
Erdmann’s orange 


'2/4 

,(NH 3 ) 

(B0 2 ) s . 


] Na, 


[Co(N() 2 ) 6 j K 3 


(Compounds of PtIV 

|Pt(NH 3 ) 6 ] Cl 4 
[Ft(NH s )jClJ CL, 

[Pt(,NH 3 ) 4 Cl 2 ] Cl 2 2 forms 


|Pt(NH 3 ) 3 Cl 3 lCl 

[Pt(NH 3 ) 2 Cl 4 ] 2 forms 

fPt(NH 3 )Cl 3 )K 
[PtC\l K 2 

Compounds of PtH 

|P»(NH 3 ) 4 ]C1 2 

fPt(NH 3 ) 3 ClJCl 

[Pt(NH. J ) 2 (/l 2 ] 2 forms 

|Pt(NH 8 )0i 3 J K 
[PtCJ 4 ] K„ 


The existence of isomeric forms of some types is mentioned. That 
the formulae correctly represent the numbers of ions formed is shown 
by the molecular conductivities at equal concentrations : 


[Co(NH a ) fl J Cl 3 [Co(NH 3 ) 5 N0 2 1 Cl 2 [Co(NH 3 ) 4 (NO a ) 2 ] Cl [Co(NH 3 ) 3 (N0 2 ) 3 l 
4 ions ; 412 3 ions ; 240 2 ions ; 07 110 ions ; 1-5 

[Co(N 0 2 ) # ] K 3 — rCo(NU 3 ) 2 (N() 2 ) 4 ]K - 

4 ions; 418 2 ions; 97 

Valency rule for coordination compounds. — An examination of the 
formulae given above shows that (i) the electrovalency of the nucleus is 
equal to the positive valency of the metal or other central atom when this is 
coordinated only with neutral molecules such as NH 3 or H 2 0 ; (ii) if 
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negative radicals such as 01, N0 2 , or GN, which may be regarded as ions, 
are in the nucleus, the positive valency of the central atom is reduced by one 
unit for each unit of electrovalency present , and if the negative valency of 
these radicals exceeds the positive valency of the central atom , the nucleus 
as a whole becomes negative and is associated with a corresponding number 
of positive ions outside. For example : 

[Pt ,v (NH 3 ) 4 Cl 2 l has a valency of 4 - 2-2 arid forms |Pi(NH 3 ) 4 ('lg]Cl t . 

[Pt^NHjdCIs] lias a valency of 4 5 - - 1 and forms |Pt(NH a )OI R )K. 

| Fe 1 1 1 [ON ) 6 1 has a valency of 3 - (> - 3 and forms K ; ,(Fe(ON) c ]. 

[Fe l, (CN) 0 ] has a valency of 2- t> — - 4 and forms K 4 [Fe{CN) 6 ], 

[Co in (S0 4 ) (N H 3 ) 5 ] lias a valency of 3 2 1 and forms [( 1 o(NH 3 ) 5 S0 4 ] Br. 

[Co T1T (NH 3 ) A Br 1 lias a valency of 3 - J 2 and forms |Oo(NH 3 ) 6 Br ]S0 4 . 

The last two compounds are isomeric ; the first behaves in solution 
as a bromide, the second as a sulphate. 

Positive and negative nuclei may also form salts with each other, 
e fCr(NH.j) 6 ][Cr(SCN) G ] > with valencies of 1 3 and - 3, respectively. 

Multi-coordinating groups. — In some cases groups may occupy two, 
three, or four coordination positions. 

(i) : '^coordinating groups (formerly called chelate groups) are : ethyl- 
enediamine NH 2 *OH 2 CH 2 NH 2 , represented by en : aV-dipyridyl 
(dipy) : radicals such as C 2 () 4 ", 00./', SO/'. NO/'. and the radicals of 
acetylttcotonc and dimethyl glyoxime. In the last two cases the group 
has one principal valency (due to loss ol H from tin* compound) and one 
coordinate link is formed by the oxygen and nitrogen, respectively, by 
donation of a pair of electrons to the* shell of the central atom to 
which the group is attached. 

{a) In the case of acetyiacctone the radical is produced from the 
tautomeric mono-cnolic form : 

/COCH, ,0(CH.j)— 0 , C(GH.,)- -O — 

H a C< HC< HCK 

XJOCH, x C((JHo)0 — IJ -C(0H,,) . 0— 

I. Acetyiacctone. TI. Mono-cnolic form. III. 2-coord, group. 

Compounds of acetyiacctone with elements having coordination 
numbers of 2, 4, 6 and 8 are known : 

[Na J Ae] [Be”AcJ [B^AcylX' [Al^Ao,} [Si^Ae^X' [Th> v AcJ 

Compounds similar to [AlAc.,| are formed with ter valent Ga, In, Sc, Y, 
Ce, V, Mn, Co, and are all covalent. With boron and silicon, ions are 
formed . 

The combination of three molecules of acetyiacctone radical with an 
aluminium atom may be explained thus. The A1 lias three valency electrons 
which it shares with the electrons on the throe lower oxygens of formula III 
above to form throe single covalent links. The three upper oxygens form 
three coordinate links by donating three pairs of electrons, so that the 
aluminium is surrounded by a group of 12 electrons (covalency = 0) and a 
neutral molecule is formed : 
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A1 


, o (oh 3 )u 


"O— (( 


'»»)<■’ N \ i 

cji ) ; 


In the case of boron, two molecules of acetvlaeetone radical are linked 
to the atom, giving 2 + 4 — b electrons. The boron has 3 electrons, and this 
would make a shell of 9. The stable shell, for an element of the second 
period,* is 8, hence one electron is lost, forming a positive ion : 


HI 


/>-(UH 3 )(\ 

o-(rn :J )c 


OH 


(b) The so-ealled (jlyoxiniex are oximes of the diketone diacetyl, 
formed by reaction of hydroxylamine with t he two keto-groups : 

— CO + HoN 0H — -0 -N-OII + HoO 
(X) — UH 3 HON-.r:C-UU, 

I ; 

CO — CH., HON^C CM,, 

< 1 i acetyl d i methy 1 g 1 v o \ 1 mo 

One — N-OH group loses a hydrogen atom and the radical attaches to a 
metal atom such as nickel by sharing an electron on the nitrogen and 
forming a covalent bond, whilst the other NOH group is attached by 
an electron pair on the nitrogen forming a coordinate link : 


O O HO 


V 

X 1 

\ 

— Nr--=C— CH ; , 

1 

('“N 

X 

- 6 
II 

* 

, N -~C-CH 3 

<-N--C — ('H 3 

UH+U - N 

n N~UCH. { 

\ 


110 

OH 

6 


The valencies are all in a plane and cis-frans - isomers (p. 423) can be 
formed according to the orientation of the two rings (Uhugaov, 1910). It 
should bo noted that the attachment is through the nitrogen, not through 
the oxygen, since similar compounds are formed if — NOH is replaced by 
--- NH or - ,NCU 3 . 


A reagent behaving like dimothylglyoxiine is cupferron , the am- 
monium salt- of nitrosophenvlhydroxylamine, which precipitates, e.q. 
ferric iron : 


c,h 5 n< 


/NO 

\qh 


/ NO. 

Me C \NC,H # 

V \ O '' 


The irii])ortant reagent oxinc is 8-hydroxyquinoline, precipitating many 
metals as Me(C 9 H 6 ON) n , where n is the valency of the metal : 


\ 

N 

y 


Me 


( ,QC 


N 

\„ 




.OH 



[CHAV 
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(ii) A 3 •coordinating group is a/fy-triaminopropane ( = tp) : 

NH 2 CH 2 CH(NH 2 )CH 2 NH 2 , 

which forms compounds, by donation from the three nitrogens, with 
Co 1JI , Rh lrl , etc. (Pope and Mann, 1920) : [Co tp 2 ]Cl 3 , [Rh tp 2 |01 3 , in 
which tp 2 occupy six coordination positions. 

(iii) A 4 -coordinating group is the enolic radical of ethylene diamino- 
bisacetylacetone (~ec), formed by condensing two molecules of the 
enolic form of acetylacetone with a molecule of ethylenediamine : 

HOC--- OH -CO HoNCHoCH.,N H„ OO-CH COH 

I ! I ! 

ch 3 cm 3 ch 3 ch 3 

and loss of two hydroxyl hydrogens : 

(1) CO (4) (2) 

— O C—CH *C- N*CH.,*CIlo*N-" C CH'—C O — 

11 ‘ii 

ch 3 . ch 3 ch 3 ch 3 


This attaches at (1) and (2) by electron -sharing to form ordinary co- 
valencies and at (3) and (4) by (‘lection donation to form coordinate 
links. The very stable cupric compound (Cu 11 ec| : 


CH 3 


0 H., 


/s 


.c— 0, 


<>-- 


C 


HC<" 7,Cu r OH 

\C--N \JSW-C 

II i 

CH.j CHo CH 2 OH, 


was prepared by Combes (1889). The eobaltie compound can add 
2NH 3 to complete the coordination number 0 in [Co ec(NH.,) 2 ]‘ : 


CH, 


CH. t 


NH, 


,c — 0, ; 0----0, 

HC^ ,Co r f’H 

| -N 

I i 
1 : 

CH, CH., CH 2 OH., 


Another 4-coordinating group is ^jS^-triaminotriethylamine 


N(CH 2 -CH 2 -NH 2 ) 3 

( =tren), forming [Ni trenJSO^, [Ft 11 tren |I 2 (Mann 1920), with a tetra- 
hedral arrangement of valencies : 


/NH 2 -CH 2 CH 2 v 
NiV-NH 2 *CH.*CH 2 >N 
l f NH 2 (m;*CH/ | 
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Coordination and stability.-- Coordination ofton increases the stability 
of compounds in a marked decree. Whereas tervalent cobalt is unstable in 
its simple compounds, the eobaltammines are very stable. ( luprous nitrate 
forms a stable compound with methyl cyanide, | ( h r (< 11 3 ( *N) 4 |NO*. Cupric 
iodide forms stable coordination compounds such as [Cu u (NH 3 ) 8 |T 2 . Co- 
ordination compounds of bivalent silver are, e.g. [Ag ll (dipy) 2 ]X 2 (dipy - aa'- 
dipyridyl, X — univalent acid radical). 

Electronic theory of coordination.* —Coordinate links, which always 
behave as covalencies, are formed by the donation of a pair of electrons 
by an atom possessing a lone pair, such as nitrogen and oxygen, in the 
addenda (NH 3 , IF 2 0, etc.), each bond so formed introducing two 
electrons to the shell of the central atom but not altering the electric 
charge, since the added molecule is neutral. 

Electrovalencies are produced by such processes as the following : 
from [Pt(NH 3 ) 2 Cl 4 ], a neutral complex in which the atoms and groups 
are united by covalencies, let one Cl be removed as an ion , taking one 

electron from the shell of the metal to form : Cl : and leaving a positive 

charge on the metal. The pair of electrons so lost is then supplied by 
donation from a neutral Nil., molecule added : 

[(\(NH :1 ) 2 1't Cl :J [CI.,(NH.,) 2 Ptl f + *. d : [Cl 3 (NH 3 ) 2 Pt : NH 3 ] + . 

A distinction is sometimes made between the coordination number and the 
co valency of the central atom. These are equal only when all the covalencies 
are single and there art* no electrostatic links, but when double or triple 
bonds occur between the central atom and atoms or groups attached to it, 
the coordination number is less than the covaloncy. 

Isomerism of complex compounds. — Several types of isomerism are 
predicted by Werner’s theory : 

(1) Structural isomerism in the nucleus , e.g. : 

[no— o Co en J an<1 [o 2 N Co cn *]• 

(8) Ionisation isomerism <, in which positions inside and outside the 
nucleus are interchanged, e.g. 

[Co(S0 4 )(NH 3 ) 6 ]Br and [CoBr(NH 3 ) 5 ]S0 4 . 

(3) Coordination isomerism , depending on the different arrangements 
of groups in two nuclei in combinat ion : 

[Cr(NH a ) 6 ]-[Cr(8CN) 6 ] and tCr(NH ;{ ) 4 (SON) 2 HCr(NH 3 ) 2 (SCN) 4 ]. 

(4) Coordination polymerism : 

[Cr(NH 3 ) 3 (SCN) 3 ] and [Cr(NH 3 ) 5 (SCN)] 3 * [Or(SCN) 6 ] 2 . 
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(5) Hydration isomerism : tin* groups NH 3 , Cl, etc., in the nucleus 
may be replaced by water, H L ,0, forming aquo-compounds : 

[Or(N H 3 ) ( . |Cl.j — / [Cr(H 2 0)(NH 3 ) 5 ]Cl 3 - ? [Cr(H 2 0) 6 ]Cl 3 
amtniue compound. a quo -compound. 

In such compounds, part of the ionisable 01 may pass into the nucleus 
and then ceases to be ionisable : 

KM H*»0)(N H .,) 5 ]C1.{ - [CrOi(NH 3 ) 5 ]Cl 2 + H,0. 

The two green chromic chlorides are isomeric compounds of this 
type : 

[CrCl(OH 8 ) 6 ]CI 2 + H 2 0 and [Cr(^l 2 (OH 2 ) 4 ]Cl ! 2H 2 0. 

The blue modification is [(MOH 2 ) 6 ]OI 3 . 

((>) Geometrical isomerism , due to the different arrangement of the 
atoms and groups in space about the central atom. 

(a) Coordination number 4. Two cases are possible : 

(i) Tetrahcdta! arrangement of valencies. This is found with 4- 
covalcnt compounds of some bivalent metals, e.g. zinc, [l > t(0H 3 ) ;i ( 1| l |, 
CoCl 4 ,/ in Cs 3 CoCl 5 , and the optically active arsenic compound : 

I CH, C„H 4 OO.rj 

1 “ H 

[C 2 h/ n j 

A tetrahedral configuration is found in simple ions X0 4 : 

010/ MnO/ S0 4 " PC/" Si0 4 "", etc. 

and in many simple covalent compounds of carbon, silicon, etc. 

(ii) Planar arrangement of valencies. This is found in a number of 
cases. X-rav examination proves it for the compounds K 2 [PtCl 4 ], 
K 2 [PdCl 4 |, [Pd” en 2 01 2 ], [Co py 2 Cl 2 |, [Pt»(NH 3 ) 4 | [PtCl 4 |, |Pd”(NH 3 ) 4 l 
[Pd n Cl 4 ], [Pt IT (NH 3 ) 4 |Cl 2 + H 2 0, Ou 11 with acetylaeetone, benzoyl- 
acctone, etc., dith jo-oxalates of Ni, Pt n , Pd 11 : 



When four groups, two of which, X, are identical, are arranged about 
an atom in a plane square, two geometrical isomers are possible, a cis- 
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isomer when the X -groups are adjacent, and a £ran#-isoiner when they 
are opposite, : 

Arc *X Arc *X 




tram 


The isolation of cis-trans isomers proves the planar arrangement in 
the glyoximes (p. 419) [ Pd(N0 2 ) a (NH 3 ).,] and Pt n and Pd ir compounds 
with glycine : 


ch 2 nh 2 


-w 


00 — o 


N H 2 CH 2 
O — CO 


CHvNH,, ,0 CO 

Pt/ ! 

00 0 H.,N— CH, 


The magnetic susceptibility confirms the plane configuration with Pd 
compounds. 

The plane arrangement of valencies was established for bivalent (4- 
eo\alent) platinum and palladium by optical activity. Jn the diphenyl- 
dimethyl compounds the molecule is dissymmetric and optically active (as 
was found) when the platinum valencies are m one plane, as shown (the 
plane of the rings is at right angles to the plane of the paper, the thick lines 
being above tins plane) (Mills and Quibell, 1935) : 

,Cli — NH- /N H o -CH 2 

c«h/ ! > tj( , ,cn, 

CH— Nil/ \NH 2 — C 

c a H 5 vn. 

With a tetrahedral arrangement of valencies the molecule would have a 
plane of symmetry and would not be optically act ive. 

(ft) ('oordi nation number (3. Nuclei of the type [MeR 4 X 2 ] can exist in 
two forms, which are represented by placing the metal atom (Me) at 
the centre of a regular octahedron with six covalencies directed to the 




Fia. 243. — Cis-trans isomerism in octahedral configuration. 

six corners (Fig. 243). (The- possibility that the atoms are arranged 
in a plane hexagon is excluded because this would lead to three possible 
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isomers, whereas only two are known.) The two (univalent) nuclei of 
the compounds [Co(NH 3 ) 4 X 2 ]X are of this type. The ^-modifications 
are distinguished from the tram - modifications by their capacity for 
ring-formation between adjacent groups. 

In compounds with coordination number 7, the bonds may bo directed 
either towards tho corners of a triangular prism and the centre of one face 
(J), as in the ion NbF/', or else towards the corners of an octahedron 



I II III 


and the centre of one face (II), as in the ions ZrE/" and NbOF 6 '". In 
the ion Mo(CN) 8 "' in the compoimd K 3 Mo(CN) H , in which molybdenum lias 
tho coordination number 8, the bonds are direct ed towards the oight apices 
of a figure formed by erecting a low regular pyramid on each face of a 
regular tetrahedron, the whole having twelve triangular faces (III) (the 
cube form does not occur). 

(7) Optical isomerism. A convincing argument in favour of Werner’s 
theory is the existence of optical isomers. Those arise when two com- 
pounds have such arrangements of the atoms or groups in space 
about the central atom that one structure is the mirror-image of the 
other (enantiomer phism). The compounds shown in Fig. 244 are two 
optically active forms (the metal atom is in the centre of the 
square), and there is also one optically inactive trans-form, shown on 
the right. The bivalent ethylenediamine group en in the m- forms 
engages two valencies of the metal atom, one axial and one in the plane. 


Br 



cis trans 

Fia. 244. — Optical activity duo to enantiomorphiam in octahedral 
cw-configuration. 


Instead of ethylenediamine many other 2-coordinating groups can 
give rise to optical isomerism, e.g. the oxalate radical C 2 0 4 " in the 
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ferrioxalates (Thomas, 1921), K 8 [Fo(C 2 0 4 ) 3 ], and similar compounds 
witli tervalent Al, Or, Co, Ru, Rh, lr : 



also aa'-dipyridyi (1), a-phenanthroline (II), etc., 



1 IJ 


The dipyridyl compounds with bivalent Cu, Fe, Ni, Ft and Ru are 
resolvable into optical isomers. 

An interesting ease of high optical activity in a compound free from 
carbon (Werner, 1914) is that in which the univalent positive group con- 
taining tervalent cobalt (HO) 2 Co(NH s ) 4 is coordinated with tervalent 
cobalt in the compound : 

[Co j< Co(OH) 2 (NH 3 ) 4 } 3 lBr 6 + 2H a O. 

Cases jn which the positive charge of a nucleus is raised by the introduc- 
tion of a positive ion are very rare : usually an increased positive charge 
arises from expulsion of negative ions by neutral groups. 

In some cases a nucleus can contain two (or more) central atoms, as 
in the compound : 

H 

0 

eiu Co/ /Co en 2 
' 0 
H 

formed by loss of water from two molecules : 



and in the cobaltioxalates (Pereival and Wardlaw, 1929) : 

H 

/°\ 

Me* 1 [(C 2 0 4 ) 2 Co£ /Co(C 2 0 4 ) 2 ]. 

XK 

H 

Other coordination numbers. — The coordination number 2 is found 
in some amines, e.g. |Ni(NH ;1 ) 2 |0l.,, the number 3 in K;HgI 3 j. 
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Examples of the number 5 in coordination complexes are rare, and 
Cs 3 [CoCl 5 ] crystals contain the ions Os*, CoCl 4 " and Cl', but there are 
neutral molecules in which five atoms or 
groups surround a central atom, e.g, PF 5 and 
Fo( 00) 5 . In these the bonds from the central 
itom are directed to the five corners of a 
trigonal bipyramid, formed by putting two 
tetrahedra in contact at a face, as shown in 
the figure. Coordination compounds in this 
class are those containing tervalent nickel and 
triethylphosphine, [NiRr 3 (PEt 3 ) 2 | and lNiCl 3 (PEt 3 ) 2 ] (Et ~C 2 H 6 ), which 
are formed by oxidising the compounds of bivalent nickel containing 
NiBr 2 and Ni01 2 with bromine and chlorine, respectively. Similar 
compounds with cobalt are known. 




CHAPTER XXV 


THE THEORY OF VALENCY AND THE STRUCTURE 
OF MOLECULES 

The Bohr atom model. The simplest atom, that of hydrogen (At. 
No. 1), consists according to Bohr (1913) of one electron of charge 
- e rotating around a nucleus of charge - e, i.r. a proton. First con- 
sider the orbits to he circles. If the nucleus were the sun and the 
electron a planet subject to gravitational forces, ant/ orbit would be 
possible, each with an appropriate kinetic* energy of the planet which 
would keep it in that orbit against the pull of gravitation tending to 
drag it. into the sun. In the ease of the proton and electron this is not 
possible, since the moving electron would give out radiation, gradually 
lose energy, and fall spirally into the nucleus. Bohr assumed that 
there is now a limited number of nlafionan/ orbitn, in each of which the 
electron rotates without radiation, whilst when it passes from one 
orbit to another it emits radiation according to the quantum equation : 

Aj E, hr 

where E x and Ah are t he energies in the initial and final orbits, h is 
Planck’s constant (p. 347), and v the frequency of the emitted radiation. 
The difference between the energies of the electron in the two orbits is 
emitted as the energy quantum hr. 

An electron starting at an infinite distance will pass into successive 
orbits each nearer the nucleus, giving off euergy between each transition 
until it arrives at the smallest possible orbit (nearest t he nucleus), when 
the atom is said to he in the normal #laU\ 

The possible orbits form a senes of circle's with the nucleus at 
the centre 4 . Each orbit is characterised by a- quantum number 
which determines the energy of the electron according to, and is 


itself defined by, the equation : 

E n = - A r h/w 2 , (1) 

where K is a constant, having for the hydrogen atom the value : 

K = 27r 2 e 4 w/h 3 - 3-2!) x III 15 (2) 


e and rn being the charge* and mass of the electron, and h Planck’s 
constant. In passing from an orbit of quantum number ??, to one of 
quantum number n 2 , the energy radiated is : 

j A’ -.-A’hf V), 

1 " ' 71 2 “ 71 


( 3 ) 






It is important to notice that v is not the frequency of revolution of 
the electron in its orbit. 

When n 2 is given a small whole number value, 1 , 2, 3 ; and given a 
series of higher whole number values (e.g. n 2 ~ 2 ; rq - 3, 4, 5, ... cc ), 
equation (4) gives with great accuracy the frequencies (or wave- 
lengths A “C/'r, where c— velocity of light) of the* lines in the various 
spectral series of hydrogen (e.g. with the* values just quoted the various 
lines of the Balmer series, four of which were mentioned on p. 1 fifi). Thus 
n is always a whole number (zero excluded) from 1 to infinity. K/n 2 is 
called a term. 

If the iiucleus has a charge 4 Ze. and there is still a single electron 
of charge - e rotating about it, the value of A' in (4) is replaced by Z 2 K, 
e.g. for the singly ionised helium atom (Z =^2), the spectra are given by 
equation (4) with 4 A" instead of K. This is true only when there is a 
single outer electron, since otherwise the electrons surrounding the 
nucleus exert a screening effect on its positive charge. 

The quantum numbers.— Still confining our attention to the hydrogen 
atom, we may recall that the actual orbit of a planet round the sun, 
according to Kepler’s laws, is an ellipse with the sun at a focus rather 
than a circle, and as well as circular electronic orbits we may also have 

elliptical orbits in which 
the electron has the same 
energy as in a correspond- 
ing circular orbit. Each 
orbit will thus, by (I), be 
characterised by a total 
quantum number >?, but each 
ellipse for a given value of 
n re < { u i res anotl it t n uin her 
k for its definition, called 
a subsidiary quantum number : 
k has also whole number 
values (zero excluded). 

Fro. 245. Bohr orbits. Very nearly, the ratio of 

the* total to the subsidiary 
quantum number njk is that of the major to the minor axis of the ellipse. 
For the circular orbit this ratio is 1, and the orbit for which the principal 
and subsidiary quantum numbers are equal (n = k) is always a circle. 



If wo denote a particular orbit tor which the two quantum numbers are 
n and h by n k , the orbit n n is always a circle. For a total quantum number 
w, the quantum number k may have n values, viz., J , 2, 3, . . . n. For a prin- 
cipal quantum number 4 (n- 4), h 1, 2, 3, 4, and the four possible orbits 
are one circle 4 4 , and three ellipses 4,, F and 4 3 , in which the ratios of the 
major to the minor axes are 4 : 1, 4 : 2 and 4 : 3, respectively. These orbits 
shown in Fig. 245 together with the lj ; 2 lt 2 2 ; and 3 X , 3 2 , 3 3 orbits. 
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The splitting of spectrum lines when the source (e.g. a sodium flame) is 
in a magnetic field (Zeeman effect) introduces a third or magnetic quantum 
number w, which defines the angle* between the plane of the electron 
orbit and the direction of the magnetic field. 

Additional refinements appear in spectra as fine structure : each 
hydrogen line*, previously regarded as single, really consists of two, very 
close together, but visible with spectroscopic apparatus of high resolving 
power. To explain this requires a fourth quantum number, which de- 
fines the spin of the electron about its own axis ; this gives the electron 
a moment of momentum and also a magnetic moment (since it acts as a 
circular current). Each of these always has the same numerical value 
hut the spin may be in one of two directions, so that this spin quantum 
number <s* can have two values only, which an* -t- J and - J. 

In place of Bohr's k\ the new quantum theory introduces a quantum 
number / = /,;- l , always I less than k. Every electron in the atom 
is now characterised by definite values o ['four quantum numbers : 

w«l f 2, 3, ... x , 

/=,<>, 1,2, ... (w 1); 

wi-/, (7-1). (7-2),... 1,0, -1, ... (-Z + 1), -Z; 

The s|iin and tin* revolution of the electron in its orbit combine to 
give different values of an inner quantum number j, and for an atom with 
one electron : 

For the smallest value of /, viz. 0, j is given only one value, 4 i, but 
for all higher values of / it has two values, corresponding with the 
doublet character of the spectral terms. 

It will be seen that the magnetic quantum number m as here defined 
has all positive and negative* values of/, including zero, and for each 
value of / there are (21 : 1) values of w. 

Pauli’s principle. —In an atom containing more than one electron 
an empirical rule called Pauli’s principle holds : in the name atom there 
cannot be more than one electron haring all four quantum numbers , w, /, m % 
and s the same. ’Finis, there can he only two electrons having the same 
values of n, /, and m, and for one of these s= -f J and for the other 
- 1 . 

If n ~ I , then / — 0 and m— 0. There are two values of .s\ + i and - J, 
lienee there can lx* only two electrons of principal quantum number 
n— 1 . 

If n ^ 2, then / =- 0 or I . For / = 0, w = 0 and ft-- j_ J. For / = 1 , m has 
the possible values 1,0, - 1. Each of these can he associated with two 
values of s, - J, giving six possible cases, and with the two for Z — 0 
eight in all. 

I f n ----- 3, l can he 0, 1 and 2, and the values of /w for the three cases are 
0, (1,0, ~ 1), and (2, 1,0, -l, -2), respectively, or 0 in all. Each can 
have the two \ allies oi\s*, * making a total of IS. 

If n = 4, / can he 0, 1 , 2, and 3, and the values of m for the four eases 
are 0, (J, 0, - l), (2, 1, 0, -1, -2) and (3, 2, 1, 0, - 1, -2, -3), 



INORHAN I C OH KMTSTRY 


430 


[CHAP 


respectively, or Hi in all. Kaeh of those can have the two values of/?, 
± J, making a total of 32. 

Since the maximum number of values of w is (2/ i 1) arid each can he 
associated with the two values of/?, the maximum number of 
electrons in a sub-group is 2(2/ i 1 ) : 


Table I 

Level n t - - L 2 0 2 t 3 0 3, 3 2 4 0 4, 4 2 4 3 

Z - - - - 0 0 1 0 12 0 1 2 3 

Max.no. of elee trolls - 2 2 fi 2 « 10 2 (i ID 14 

2 S 18 32 

In spectrum not at ion letters arc used to denote the values of the quantum 
number / : 

/ - 0 1 2 3 4 5 

Symbol - - .s* d f <j h 

Thus a 3 ]) electron has n 3 and /- 1. (The symbol s is also used for the 
spin quantum number, and the two uses must not be confused.) An upper 
index denotes the number of electrons in the given state, : thus U ,2 2p 4 (read 
u two m U, 1 ' etc.) means two electrons with n I and / 0, and four 

electrons with a -2 and / I. 


The Periodic table.-- Since the numbers of electrons in the groups in 
Table 1 correspond with the numbers of elements in the periods of the 
periodic, table : 

2 S S IS IS 32 [10] 

it was at first thought that, as each period (except the last incomplete 
period) ends with an inert gas : 

He Ne A Kr Xe Jin — 

the numbers should give the numbers of electrons in the outer electron 
shells of the inert gases. Jt is now know n that the outer derfron (jrovp is 
H for a! I the inert < yases , and hence after argon some* of the inner shells of 
electrons must be left incomplete whilst mi S-eleetmn shell builds up 
over them. The successive electron shells, starting with the one 
nearest the nucleus, art 4 symbolised in X-rav notation (p. 303) as 
A", A, J/, A, O, and Q. 

The group of 2 electrons with n I completed with helium forms a 
A'-shcll nearest the nucleus which is also present in the atoms of all the 
other elements. Above t his, a shell of trom I to S electrons is completed 
from lithium to neon, the nuclear charge increasing in steps of I , and the 
mass by larger steps by addition of both protons add neutrons to the 
nucleus. These 8 electrons with // - - 2 complete a second or /,-shell. 
A third or il/-shell of <S electrons with n 3 is formed on passing from 
sodium to argon. 

The electrons in each group with t lie same principal quantum 
number n are not all equivalent, since they have different values of the 
serial quantum number /, as required by Pauli's principle. In lithium 
there is one 2s electron (n -2, in beryllium two, and this is the 

maximum number They are valency electrons. Of the three n =2 
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electrons in boron there are two 2<s* ami the third must he a 2p (n ^-2, 
/ = ]) electron. There can he six 2 p electrons, and this maximum is 
reached with neon. Fluorine and oxygen atoms tend to bind these 
electrons to reach a sta hie neon st ructure, but as their nuclear charges are 
only 7 and 0, respectively, they then form the negative ions F and 0 — , 
neon with a nuclear charge of X being neutral with 8 outer electrons. 

In the next period v =3 and the electrons form an M -shell. Sodium 
has one 3* electron, magnesium two, and this is the maximum number 
for 3, / — 0. In aluminium the third electron is a Dp (;i^3. /-l), 
and the six Dp electrons possible are added when argon is reached. 

The next period is a long period of 1<S (dements. In potassium the 
first electron goes into a bs* (w~-4, Z — 0) lex el, and ten Dd ( n — D , 2) 
levels are left empty for the time, since the. energy in a 4,s‘ level is smaller 
than that in a Dd level, and the electron occupies a level in which it 
has a lower energy. 

Calcium has two 4* valency electrons. With scandium, owing to the 
increased nuclear charge, the inner level begins to fill and the electron 
goes into the Dd level. The outer structure of argon, 2 | 20 | 20 |, has 
begun to fill up towards its maximum of IS, and the scandium structure 
is 2 | 2 0 | 2 0 1 | 2, derived from that of calcium 2|20|20|2 by 
addition of an electron to an inner Dd level. This goes on as far as 
chromium, when one* of the two outer 4.s* electrons drops to a Dd level, 
which now contains f> electrons. These remain in manganese and the 
next, electron goes into the 4s level (sec Table II, p. 402). 

iron, cobalt and nickel have (>, 7 and X electrons, respectively, in Dd 
levels. With copper, another electron drops* from the 4s level, making 
S i 10- IS in tlie 3.s, Dp and Dd levels and I m the outer 4<s level. The 
inner 3-quantum levels now contain the maximum number of IS elec- 
trons allowed by Pauli s principle (Table 1). This completed inner 
group of IS electrons persists unchanged in all the remaining elements. 

The arrangement of electrons in the elements from titanium to copper is 
required by the spectra and also explains (0 the chemical and physical 
properties of the elements V, l’r. Mn. Ft*. tb and Ts i, viz. the arrest of the 
valency to 2 or its variation by one unit at a time (although Y, Cr and Mil 
have very varying valencies, as shown below, these differ by one), (ii) tho 
paramagnetism and (iii) tin* colour of the ions (supposed to he characteristic 
of incomplete inner groups), (iv) the changes of direction in the X-ray 
curves (Fig. 231), and (v) the appearance of the first triad (Fe, Co, Ni). 


Element. 



Valencies. 

Ti 

2 

3 

4 

V 

2 

3 

4 o 

(V 

2 

3 

(> 

Mu (1 ) 

2 

3 

4 f» 

Fe (1) 

2 

3 

(» 

(b (1) 

o 

3 


Ni (I) 

v> 

3 

4 

tb 1 

.> 




This filling up of incomplete inner levels was first suggested by Ladenburg 
(1920) and explained by Bohr. 
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From copper to krypton the 4$ and 4p levels fill up normally until 
with krypton they contain 2 + 6 = S electrons and the ])eriod is complete. 

A new period begins with rubidium, in which a loosely- bound 5«s 
electron appears, the \d and 4/ levels remaining empty. After stron- 
tium, with two 5.9 electrons, the next electron goes into a lower 4d level 
in yttrium, and this level is gradually filled, reaching ten electrons in 
palladium, in which the 5.9 electron drops back into a 4 d level. The 5.9 
and 5 p levels fill up normally to a complete 2 -i- 6 -8 group with xenon, 
which closes the period. In copper all the inner levels (including the 
3d) are filled, but in silver the 4 / levels are empty. 

In the period beginning with caesium a 0.9 electron is added, in barium 
two Os electrons. From and including lanthanum, however, the valen- 
cies remain constant at 3 until the last rare-earth element lutecium 
is reached, all the electrons going to complete the empty 4/ levels deep 
inside the atom. To the eighteen electrons of levels of principal quantum 
number 4 there are now added in succession fourteen more, making up a 
total of 32, the maximum possible for n— 4. Since all are well within 
the stable octet completed in xenon they have no appreciable influence 
on the chemical properties, which remain practically constant, and this 
explains both the number (15) and chemical properties of the rare- 
earth elements in this period (sometimes called lanthanides, to distinguish 
them from the total number of rare-earth elements which includes 
scandium and yttrium in earlier periods). Just as in the fourth and 
fifth periods, the arrangement of electrons in the rare-earth elements is 
accompanied by the appearance of coloured ions and paramagnetism. 

The element following lutecium cannot be a rare-earth element 
but must be a fourth group element related to zirconium. This was 
confirmed by the properties of hafnium, discovered by Coster and 
Hovesy. 

In the following elements as far as gold, the 5s and op levels of xenon, 
containing S electrons, are completed bv the addition of ten electrons 
to the 5 d levels, making a total of 18, whilst in gold the n — 6 levels 
begin to fill, leading to the completion of the (to levels with 2 +0 — 8 
electrons, forming the outer shell of the inert emanation. In the re- 
maining fragmentary period, the 7.9 level begins to be occupied. The 
(\d level begins to fill with actinium. Elements 03 to 06 are artificial 
transuranio elements (p. 407) and are supposed to be transitional 
elements of Group HI like the earlier lanthanides in this group. It has 
been suggested that these transitional elements begin with actinium, 
hence they are called actinides. The alternative configurations are 
shown at the foot of Table LI. 

It is seen that each period is characterised by a principal quantum number 
n, equal to the number of the period. The electrons in the atoms are 
arranged in groups or shells, each fully occupied when it contains 2a 2 (2, 8, 
18, 32) electrons, and these groups aro divided into sub-groups defined by 
the serial quantum number /, the number (2, 6, 10, or 14 for 0, 1,2, or 3) 
in each complete sub-group being 2(2/ t- 1). This arrangement was intro- 
duced by Bury (1921) on chemical grounds, and by JStoner (1924) from 
spectroscopic results, and it is required by Pauli’s principle. 
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Valency. — Heftier and London (1927) pointed out that the two 
shared electrons forming a covalent. bond (electron-pair bond) in 
Lewis's theory (p. -112) have opposite spins, s - -\ \ and s « - J, and as 
each elect ron may pair with another of opposite spin the valency of an 
atom is equal to tin* number of unpaired electrons in the valency shell. 
The resultant spin S — An gives the spin due to unpaired electrons, each 
contributing k unit, hence the valency is 

V -2S = number of impaired electrons. 

Each valency bond formed from two unpaired electrons, one in each 
uniting atom, reduces S by unity, hence V decreases in multiples of 2, 


Table III. Yak i able Valencies 



as is commonly found (see Table III : + denotes loss or sharing of 
electrons, - gain of electrons). 


Table IV. Covalencies 
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Table IV gives results for twelve elements of the first- periods. The 
figures in the t ablo give the numbers of electrons with the stated quan- 
tum numbers, and the valency J T is equal to the number of unpaired 
electrons (which can pair with electrons of opposite spins of other 
atoms), i.e. the sum of the values of I in the table, values of 2 denoting 
paired electrons. Bivalent and quadrivalent carbon are both possible ; 
nitrogen has a covaleucy of 3 only, fluorine only of J , and oxygen only 
of 2, whilst phosphorus can have valencies of 3 and 5, sulphur of 2, 4, 
and (>, and chlorine of I, 3, f>, and 7. 

Wave Mechanics. The details of Bohr's theory, which postulate 
electrons as point charges revolving in orbits around the nucleus, have been 
abandoned for reasons v\lneh need not be stated. The explanation of the 
structure of the periodic table on pp. 430 433 is still valid, as it depends 
only on Pauli's principle and on energy levels of electrons vv hirh are spectro- 
scopic data. 

The modern theory of atomic structure is based on the (rare nature of the 
chrlmn. Fleet runs in motion behave as if the\ wore associated with waives, 
the lengths of which are given by dc Broglie’s formula (1024) : 

A Yx.'mv 

where h is Planck's constant, and m and r tlie mass and velocity of the 
elect ron, so that inr is its moment um. 

Beams of electrons are diftracted In matter. e.q. by reflexion from a 
crystal or bv passage through thin metal foil, in the same way as X-rays. 
This dual aspect of an electron is like the dual character of light, which 
sometimes behaves as if if consists of corpuscles or photons (e.g. m the 
photoelectric effect, when electrons are expelled from metals by ultra- 
violet light) and sometimes as waves, which give rise to interference and 
diffraction. 

Sehrodinger (IU2U) supposed that the charge of an electron is not con- 
centrated in a particle hut extends m space as a v " cloud ", the density of 
which at any point is proportional to i/r, where f is a tea re function. 
Born ( B)2(>) retained the idea of tlie eloetrnn as a particle and supposed that 
\jr gives the probability of its occm rence in am given part ofspa.ee. An 
equation connecting »// and A’, the euergv of the electron, has satisfactory 
solutions only for u s»*f of' definite \ allies of K. For the electron in a hydro- 
gen atom these values of E are the same as those given by Bohr's equations 
(l)and (2), p. 427, without am special assumpt nut of ' noti-radiat ing orbits, 
the orliits being now replant'd l>\ the wave function i/e 

Theory of directed bonds.- Tins tbeorv gives an explanation of directed 
covalent bonds. The wave function of an ^-electron (/ 0) is a sphere. 

The /^-electrons (/ 1) have wave functions denoted by p x , p y , and p z at 

right angles, and thesis give rise to directed bonds. A bond is formed by 
the overlapping of regions in which tin* wave functions i/j (or the electron 
charge densities, proportional to i/r) have pronounced values. 

The .v-eleetron of a hydrogen atom may he represented by a sphere (since 
its wave function lms spherical symmetry) and the combination of two 
hydrogen atoms by overlapping spheres. The bond strength for an #- 
electron is taken as unity. 
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Oxygen has four /select rons (l — I) winch arc in different states, according 
to a rule of maximum multiplicity which says t hat when electrons are added 
successively as many levels (‘ k orbits ”) are singly occupied as possible 
before any pairing of electron spins occurs. There are three p-orbits with 
wave functions p r , j) ir p z directed along three axes j\ipz at right angles, and 
the electron densities are dumb-bell shaped (Fig. 246) when the orbits are 
occupied by electrons. The bond strength is represented by \ 3. Of the 
four ^-electrons, two go singly into two orbits according to the rule, but the 
other two electrons are forced to go together, with anti-parallel (opposite) 
spins, into the remaining orbit. Thus, two unpaired valency electrons are 
available to combine \\ ith two .v-olectrons of opposi to spins of two hydrogen 
atoms to form H z O. 

Another rule states that a bond is formed by the maximum over- 
lapping of wave functions. Hence the hydrogen atoms must approach 

y y 


(a) 2 (b) 

Fig. 246.— Formation of directed bonds. 

along the two directions of the axes of the wave functions of the two 
valency p-electrons of the oxygen, which are at right angles, and the H 2 () 
molecule formed is shown in Fig. 246ct. Owing to repulsion of the two 
hydrogens the angle is greater than 90°, probably 106 , but in H a S the angle 
is practically 90°. This type of binding is called ,s :p 2 s. 

Nitrogen lias three /^-electrons and t hese can occupy singly thep T , p y and 
p z orbits, and combine with the .^-electrons of throe hydrogen atoms, 
forming a molecule NH 3 with tlie three bonds at right angles, and with 
pV binding (Fig. 2466). 

Hybridisation. — The normal carbon atom J ,s 2 2s 2 2p 2 has only two p-elec- 
trons, and we might expect a compound CH 2 , since the spins would be 
unpaired and would combine with anti -parallel spins of two ^-electrons, 
one in each hydrogen atom. To exert four valencies one of the 2.9-electrons 
(n — 2, l — 0) must b© excited and pass from its normal 2.v-state to a 
2p-state, when the atom becomes ls 2 2,s2p 8 with four impaired spins. The 
directions of these valencies might bo supposed to be one undirected, and 
three at right angles (p x , p y and p z ) as in nitrogen. When, however, the 
bond energy greatly exceeds the excitation energy for raising an electron 
from an s- to a p- level, the quantisation changes and s- and ^-electrons 
assume equivalent w ave functions of strength 2 directed towards the four 
comers of a regular tetrahedron, so that CH 4 is formed as a tetrahedral 




xxv] 


RESONANCE 


437 


molecule. This process is called ft - p - It tjb r i ( lift a f ion, since tho actual wav© 
funct ions of tli© bonds are formed by combining ft- and /^-functions to form 
stronger bonds than cither separately. 

The nitrogen in N 1 1 4 * has one ft- and t hreo ^-electrons, so that conditions 
for hybridisation occur and the ammonium ion is tetrahedral. 

Resonance. — The name resonance was given by Pauling (11)33) to a 
state in which the electron configuration of a molecule can be repre- 
sented in two or more ways, subject to the conditions that : (i) the 
positions of the atoms remain approximately unchanged, (ii) the 
energies of the various states are not very different, and (iii) the struc- 
tures have the same number (including zero) of impaired electrons. 

The energy of a molecule is lower when it is in a state comprising the 
various possible separate electronic configurations at the same time 
than the energy for any one of the latter. Since a molecule is more 
stable the less its energy content, the existence of resonance will corre- 
spond with increased stability. 

The actual resonance state is not a mixture of molecules each in one 
of tin* separate states, but is a single state comprising all the possible 
states to some extent . Where resonance, due to electron transfer, is 
between a single and double bond, the actual bond is intermediate and 
has some single bond and some double' bond character. As a rough 
analogy it may be said that if two possible states of a molecule could be 
coloured red and blue, the actual state is not a mixt ure of red and blue 
molecules, but all purple molecules, the red or blue shade of purple de- 
pending on thi' proportion of these forms in the resonance hybrid. 

The formula of carbon dioxide could bo written as 

: O : ( 1 :::(): :0::C::0: :0:::C:0: 

r it m 

and for each the O to O distance should be about 2-44 A. and the heat of 
formation from the atoms about 350 k.cal. per gm. mol. The observed 
values are 2-32 A. and 3X0 k. cal. The shortened bond distance and the 
smaller energy of the molecule (3X0-350— -30 k. cal.) suggest that the 
molecule is a resonance hybrid. Forms I and itl involve electron transfer 
and would give the molecules an electric moment (p. 440). Since II has 
no moment, if I and Iff are involved they must con tribute by equal amounts. 
It will be noticed that I and 1 1 1 are different forms, since the molecule is not 
supposed to have time to rotate during the electronic transfer. 

Nitric oxide may be represented as a resonance hybrid of 

:N:0: :N::C: :N::0: 

I IT III 

and since the gas has a small electric moment, forms I and HI do not contri- 
bute equally. This case, whore an odd electron appears, is regarded by 
Pauling as an example of a three-electron botui, /.«. resonance between 
A * : B and A : • B, and represented by 

: N : : O : 
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and the oxygen molecule (which is paramagnetic and hence cannot have 
completely paired electrons as in :()::() :) has two three-electron bonds 
; 0: O: , corresponding with :():(): with two unpaired electrons. 

Another example of a molecule containing an odd electron and perhaps 
a three-electron bond is chlorine dioxide (p. 277)* which is bent and prob- 
ably is a resonance hybrid of the forms : 


() 

: () : Cl : : () 

: () : (M : () : 

: O : (1 : () : 

. o 

() 

(T 

ei s 

O 

o 


The adjacent charge rule (Pauling, 11132) states that structures in which 
adjacent atoms have the same charge are loss important than oilier struc- 
tures. Thus, in nitrous oxide N a () structure 1 makes no appreciable con- 
tribution as compared with structures [1 and U1 : 

♦. - 4 _ .... I 

: N : N : : : () : : X : : N : : O : : N : : : X : (> : 

1 If III 

whilst in carbon dioxide all three structures are important. The rule does 
not agree with the structure usually given to N 8 1) 4 : 

: : N : N : : : 

: 0 : : ( ) : 

Sizes and Shapes of Molecules. -Several methods provide quantitative 
information about : (i) the distances between the mitres of atoms in 
molecules (or ions in crystal lattices), (ii) the modes of arrangement of 
these atoms, and (iii) the angles between the valency bonds linking the 
atoms together. The most important methods are : 

1. Diffraction of X-rays and of electrons by solids, liquids, and gases. 

2. Spectroscopic methods, including Raman, infra-red, and visible 
band spectra. 

3. Electric dipole moments. 

4. Magnetic susceptibility. 

X-ray methods. — The X-ray method as applied to crystals has been 
described. It has been used to investigate the so-called u amorphous 
solids " ( e.g . glasses), liquids and even gases and vapours. The “ powder 
method ” often gives diffraction patterns in these cases, indicating 
some regularity in molecular arrangement of liquids and of molecular 
structure in gases. Liquid water and mercury show characteristic 
spacings, and the structure of water has been deduced from the results. 
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Glass seems to consist of minute crystals (size 10~ fi to l()“ 7 cm.) with a 
random arrangement. Plastic sulphur has a fibrous structure com* 
posed of long chains of sulphur atoms. The diffraction of X-rays by 
gases has been superseded by the electron diffraction method, with 
which a much shorter exposure is required. 

Electron diffraction. — The electron diffraction, method depends on the 
wave nature of the electron, beams of which are diffracted like X-rays by 
matter. This method has shown that the molecules Hg01 2 , HgBr 2 , 
Hglo, C a N a , 0S 2 and 0 3 O B are linear ; B(Jl :t is planar and triangular ; 
Si01 4 , GeClj, TiCl 4 , Xi((X)) 4 and P 4 are tetrahedral ; PF 5 is a trigonal 
bipyramid ; SF ( . is octahedral ; PF, is pyramidal ; and F 2 0, Cl a O and 
80 2 are bent at angles of 100°, 115° and 120°, respectively. The inter- 
atomic (“ bond ”) distances vary from 1*5 to 2*5 A. 

The bond length is important in deciding the bond character and 
the presence of resonance . The distances between the centres of atoms 
joined bv covalencies are regulated by the so-called normal covalency 
radii of atoms, the length of t he bond being the sum of the valency radii 
of the two atoms it joins. 

Optical methods. -The infra-red absorption spectra give information 
on the moments of inertia and lienee the interatomic distances in the 
case of molecules having electric moments, isotopic molecules (e.g. 
HPCl and H 37 C1) have different moments of inertia and hence are de- 
tected in band spectra. 

More accurate results are obtained by so-called rotation-vibration 
spectra ; and absorption spectra in the risible spectrum , due to electronic 
motions, are applicable in the case of molecules without permanent 
electric moments. 

In light scattered from a transparent liquid or solid, extra lines with 
a small frequency difference appear alongside the line in the spectrum 
due to the incident monochromatic light. From these Banian spectra 
the vibrational frequencies for the pairs of atoms in the molecule, 
equal to the frequency differences, are found, and by assuming simple 
harmonic vibration the restoring forces for unit displacement (measuring 
the bond strengths) may be calculated. With single, double, and triple 
bonds the restoring forces are approximately in the ratio 1:2:3. 

The heats of dissociation of molecules given on p. 283 are mostly 
calculated from the vibrational band spectra of molecules, which con- 
sist of groups of lines. When the vibrational energy of the atoms be- 
comes so large that the atoms lly apart their motion is no longer 
quantised and the lilies towards the high-frequency end of the spectrum, 
which are crowding closer together, pass over into a continuous 
spectrum. The frequency where the continuum begins gives the 
energy he required to dissociate the molecule into atoms, and after 
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correction if one or both atoms are in excited states, the heat of dis- 
sociation into normal atoms is found. 

Electric dipole moments. — Many covalent molecules possess a per- 
manent electric dipole , the strength of which is expressed as the electric 
dipole moment p. 

A dipole moment will be produced by an unequal sharing , on the 
average, of the electrons forming the bond between two atoms. In the 
HC1 molecule, on the average, the valency electrons spend more time 
near the chlorine nucleus, with its larger positive charge, than near the 
hydrogen nucleus. The molecule thus behaves as if the chlorine end 
were negative and the hydrogen end positive, and this may be repre- 

H — *• 

sented by the symbol HC1, where the point of the arrow shows the 
negative end and the cross the positive end. The electric moment is a 
vector quantity (it has magnitude and direction), and it may be 
calculated by adding the moments of the various atom or radical bonds 
by vector addition like the parallelogram of forces. In this, suitable 
bond angles must be assumed to give the correct resultant, and 
from these angles some idea of the shape of the molecule can be 
obtained. 


Molecules with or without a permanent dipole acquire an induced 
dipole under the influence of an electric field and in the direction of 
+ - this field, in this case the electron 

shell of an atom is displaced rela- 
tive to the positive core and the 
result is equi' valent to the forma- 
tion of a positive and negative 
doublet (Fig. 247). This is stronger 
the more polarisable the atom, 
molecule, or ion, and the effect 
(which can be measured from the 
refractive index) enables ionic radii to be calculated. 




Fig. 247. — Deformation of charges to 
produce an induced dipole. 


The field produced by a charged ion in a crystal may be about 10 8 volts 
per cm., and thus capable of producing deforming effects on neighbouring 
ions. 

Ions in solution will tend to produce dipoles in the solvent molecules, so 
that the latter will arrange themselves around the ion with the axes of the 
dipoles towards the centre of the ion and the charge of the dipole opposite 
to that of the ion pointing towards it. An ion in water, for example, is 
surrounded by such a sheath of polarised water molecules, which it drags 
about with it in the solution (see p. 240). 

Molecules containing permanent dipoles are known as polar molecules 
and generally show peculiar properties. When they are liquids they 
usually : (i) are associated, (ii) have abnormally high boiling points, 
^iii) have high dielectric constants, (iv) are good ionising solvents. 
Whereas many properties of mixtures of non-polar liquids (such as 
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benzene and other hydrocarbons) are almost additively composed of 
those of their constituents, those of mixtures of polar substances (such 
as water and sulphuric acid) deviate largely from this rule, and in 
addition there is usually a considerable heat of admixture. As regards 
the solvent action of the two classes of liquids, it is found that members 
of each one group are freely miscible with one another but not with 
members of the other group. With solids, it is found that non -polar 
substances usually have low melting points unless they have high 
molecular weights, whilst polar solids such as salts have high melting 
points. Some non-polar solids such as diamond have high melting 
points, but are probably atomic lattices. Non-polar solids are often 
more volatile than salts. # 

The values of the dipole moments of some molecules, all gaseous except 
CC1 4 and AgC10 4 which are dissolved in benzene, are given in the table 
below in electrostatic; units x 10 18 . 

N 2 0 HOI 1 034 NFL, L49 H 2 S M 

CO, 0 HBr 0 788 Pll, 0-55 H,0 1*8 

CCl 4 0 HI 0-382 AsH 3 0-16 AgCIO* 4*7 

Distinctively non-polar molecules have zero dipole moment ; those in 
which a shift of electron pairs (covalencies) occurs (HC1, etc.) have a small 
moment; salts (Ag0l0 4 ), and compounds containing semi-polar double 
bonds, in which electron transfer has occurred, have high moments unless 
some other compensating effect intervenes. 

The effect of the solvent on ionisation of a solute was referred by 
J. J. Thomson and by Nernst to the dielectric constant. The force 
between two charges at a distance d in a medium of dielectric constant 
D is e x e 2 jDd 2 . so that the attraction tending to bind two ions together 
is weaker the higher the value of J). Water, hydrocyanic acid and 
acetonitrile (CH 3 CN) are good ionising solvents; the alcohols are 
medium ionising solvents, and benzene is a poor ionising solvent, as 
would be expected from the values of D given below : 


Water 

. 

- 81 

Ethyl alcohol 

- 26 

HCN 

- 

- 116 

Sulphur dioxide (liq.) 

- 13*75 

CH a CN - 

- 

- 39 

Benzene 

- 2-29 

Methyl alcohol 

- 

- 35 




Mutual deformation of ions. — Optical refraction measurements show 
that electron shells of anions and water molecules arc less deformable 
when they are close to cations. The action of anions on cations is 
small, since the cations are usually smaller and less deformable. The 
deformability of an anion increases with increasing radius and charge ; 
the deforming action of cations increases with increasing charge and 
decreasing radius. 

Some interesting speculations as to the colour of inorganic com- 
pounds follow from these considerations. If we consider the salts in the 
following table, formed from the cations in the vertical row and the 
anions in the horizontal row, also cations combined with water and 
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ammonia, the increasing depth of colour in the series fluoride to iodide 
may be regarded as due to the increasing deformability of the anion, 
which is increasing in size. Sulphates have the same colour as the 
fluorides (with a small anion) because the 0 — ions in S0 4 — arc relative- 
ly fixed owing to the binding forces rendering them less deformable, 
whilst the oxides themselves, with more deformable 0 — ions, are much 
darker in colour. According to Fajans, the blue colour of hydrated 
cupric salts is (at least in part) due to the deformation of water molecules. 


' 

F 

Cl 

Br 

I 

o 

s 

so 4 

11 2 o 

N11 s 

Ni-f-f - 

Yellow ish 

Yellow* - 
brown 
Yellow* - 
brow'll 

Dark 

brown 

Black 

1 lark 
green 

Black 

0 rev- 
blue 

Ureen 

Blue 

Cu++ - 

White 

Brown- 

black 

— 

Black 

Blue- 

black 

White 

Blue 

Blue 

AfM- 

Yellow 

White 

Yellow- 

white 

Yellow 

Dark 

brown 

Black 

White 

Colourless 

Colourless 


Fajans pointed out that the tendency to form ionic or covalent links 
is also related to the deformability of electron shells. Let a positive and 
negative ion bo brought close together, if the deformation of the electron 
shells becomes so largo that there is an act ual transfer of electrons, then a 
covalent link will bo formed. This will depend on the attraction exerted 
by the positive ion on the electrons of the negative ion and on the firmness 
with which these electrons are held. The attraction of tho positive ion 
increases with its charge and is larger when the ion is small, when the 
negative ion may approach nearer the charge of the positive ionic core. 
The ease with which electrons are detached from the negative ion increases 
with its size, since then the outer electrons, being further from the positive 
core, are less firmly held. Hence the conditions for the formation of 
ionic and covalent links may be summarised as follows : 


Ionic 

Positive charge low . 
Large cation. 

Small anion. 


(’on A CIO NT 

Positive charge high. 
Small cation. 

Large anion. 


The 18-electron shells are more polarisable than octets and electrons 
of easily polarisable anions penetrate deeper into them, causing decrease 
of polarity and stronger binding ; e.g. HgGl 0 is much less polar than 
CaCl 2 . 

The number of negative, as compared with positive, atomic ions is 
small . in solutions and crystals only the following occur : 

H~ (e.g. in LiH), F ", Cl - , Br - , I - , O - -, S So , Te - ~ , Po - ~, 

and they are known only with external configurations of 8 electrons ; 
those with several valencies do not occur. The reason for the small 
number is supposed to be related to the tendency of anions with 
increasing charge to leave* the polar state* on account of their greater 
deformability, although the energy changes in the formation of anions 
anel cations are also of importance. 


According to V, Goldschmidt (1920) the distances between the atoms in 
polyatomic ions in crystals depend w> an appreciable extent on the nature 
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of the other ions in the lattice. E.q. the distance N — 0 in the N0 3 ~ ion is 
T40 A.fJ. in NaN() 3 and J15 A.W in LiN0 3 , because the small Li+ ion has 
a stronger polarising effect on the NO a " ion than has the larger Na + ion. 
In a similar way the Ti0 3 complex in CaTiO s is expanded when Ga , f is 
replaced by the smaller Mg 1 f , and t-lie r(*sulting structure is very similar to 
A1A10 3 , the Mg and Ti being approximately equidistant from the nearest 
oxygen atoms. Jn some cases a rearrangement of the atoms around the 
polarising ion may occur, as when the small Be++ ion rep laces Ca ++ in spinel, 
CaAl 2 0 4 , when the ions ( 1 a‘ H_ and | Al a ( ) 4 ] — are converted into [Bo0 4 | 6- and 
2AI 3+ . It is even suggested, on the basis of N-rav results, that am- 
monium fluoride crystals do not. like other ammonium salts, consist of NH 4 + 
and X~ [X~ — halogen ion) but of NH 3 f HE, owing to the deforming action 
of the small F~ ion on the NH 4 + ion. 

Magnetism. — As a general rule, molecules containing only pairs of 
electrons with anti-parallel spins are diamagnetic, whilst molecules and 
free radicals containing unpaired electrons are paramagnetic. In most 
cases the magnetism in crystals or in solutions is almost entirely due to 
the electron spin, that dm? to orbital motion being eliminated. The 

molecules : N : : 0 : (nitric oxide), : 0 : : N : : 0 : (nitrogen dioxide), 

: 0 : : TI : 0 : (chlorine dioxide), arid : O : 0 : (oxygen) are paramagnetic. 

Miscellaneous methods. - In the molecule's of N g O and CO z : 

N : : X : : O and ()::C::0 

each atom has the same external configuration as neon, a nucleus surrounded 
by an inner shell of two, and an outer shell of eight, electrons. By measure- 
ment of the viscosities of the gases, the area offered to collision by the 
molecules may he calculated, and it is concluded that the 0O 2 and N 2 0 
molecules behave not only as if they had the same size and shape, but also 
as if oaeli had practically the same outer electron configuration as three 
neon atoms placed together in line. 

Informal ion on the outer electron configuration of atoms and molecules is 
given by the Ramsauer effect- the stopping power of the particle for slow- 
moving electrons. In this way H 2 (l i J) and He, with 2 outer electrons ; 
Ne, A, Kr, Xe, OH, (4 + 4) and HCl(l I 7), with 8 outer electrons, behave 
similarly. In the band spectra also, the effects due to the electrons are alike 
with H 2 and He; with Na, BeF, BO, ON, 00* and N a + (all with 8+1 
outer electrons) ; and with Mg, CO and N 2 (8 + 2 outer electrons). 

Hydrogen compounds. -By analogy with the radioactive displace- 
ment law 7 (p. 402), Grimm (1924) suggested that, as the addition of a 
proton H 4 to the atomic kernel should load to the same result as the ex- 
pulsion of an electron, eaj. hypothetical !v O ill 4- = F~ (from At. No. 8 of 
oxygen we arrive at At. No. 9, an isotope of fluorine), so that the actual 
process O — f H * - OH ~ leads to a compound OH sim ilar to the fluorino ion. 
In this way elements occupying the four places before an inert gas, by taking 
up 1 , 2, 3 and 4 hydrogen atoms, form “ pseudo-atoms ” which resemble the 
atoms of elements in the groups 1, 2, 3 or 4 places to the right. Tins is 
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illustrated by the following table, in which the compounds, ions or radicals 
in the same vertical column show similar properties : 

Group — > 



Radius 

\l/ 


Valency -4 -3 -2 -1 0 4-1 

* <r- Radius 


Covalent compounds and salts. — The values of the electrical conduc- 
tivity at the melting point of the chlorides of groups of elements in the 
periodic system show that they fall into two classes divided by the line 
shown below : 


HC1 


Lid 

BeCl* 

bci 3 

CC] 4 



NaCl 

MgCI 2 

A101 s 

SiCl 4 

PC1 5 


KOI 

Cad 2 

ScCl 3 

1 TiCl. 

VC1 4 


RbCl 

SrCl 2 

YC1 3 

ZrCl 4 

1 NbCl 6 

Mod 5 

CsCl 

Bad 2 

LaC'lj 

Hfd 4 

ThCl 4 

1 Tad 5 

Wd 0 

Ud 4 


Those above the line are non-conductors or poor conductors and are 
covalent, those below the line arc' electrovalent salts and are good 
conductors. 

Ionising potentials. — If the electrons emitted from a hot filament in 
a gas at very low pressure are passed through a fall of potential F, as in 
the 4 4 grid ” of a wireless valve, they make collisions with gas atoms or 
molecules in their path. When the speed of the electrons is small these 
collisions are elastic. If F is continually increased a point is reached 
when the speed of the electron of charge e gives it an energy \mv 2 = eF, 
such that it makes an inelastic collision with the atom of gas, giving up 
its energy to one of the outer electrons and raising it to a higher quan- 
tum orbit. A critical value of V is reached when the colliding electron 
gives so much energy to the electron in the atom that the latter is 
completely removed, i.e. ionisation occurs, e.g. K-K + + e. 

The values of the ionising potential may be found more accurately by 
csflculation from spectroscopic data. The values of the potentials (in volts) 
for the removal of successive electrons show that the valency electrons are 
relatively easily removed ; H 13-53 ; Li 5*4, 75-3 ; 0 11-2, 24*3, 46-3, 64-1, 
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400 ; O 13-6, 35, 65, 77, 109, 137-5 (733) ; P 11, 20, 30, 50, 65 ; Cl 13, 24, 
40, 47, 68, 89, 114 ; V 6*75, 14-7, 30, 48, 69, 120 ; Br 12, 15, 25 ; 1 10-4 ; 
S 10*3, 23, 35, 47 ; Se 6-7, 12-8, 24*6 ; T© 9. 


Atomic structure and crystal structure. — According to Grimm (1921) 
isomorphous substances form mixed crystals when : (1) the chemical 
type is the same (e.g. NaCl, PbS ; BaS0 4 , KMn0 4 ) ; (2) the lattice 
types of the crystals are the same ; (3) the atomic or ionic distances 
in the crystals are “ similar ”, the necessary degree of similarity de- 
pending on the temperature and on the type of linking. 

The isomorphism of many substances offered difficulty from the 
point of view of the old structural formulae, which indicated different 
constitutions for pairs of isomorphous compounds : 

O O, 

0=0; ;Cn for CaCO, ' N— O— Na for NaNO, 

O' 


From the point of view of crystal structure this difficulty would 
disappear if the ions CO a — and N0 8 ^ have similar structures, since 
these can be regarded as forming similar lattices with the ions Ca ++ 
and Na + . Similarity of structure of the ions is attained in the formulae 
given to them by Langmuir (A) or Lewis (B), in which the electrons 
giving the ionic charges are shown as o : 


: O 


: O : 


: ° : : O : 

J^orcbbyJ, £«or n ; b:J ; £?or cr 6?J, 


B 


Many similar cases are known. The ions O — and F~ both have com- 
pleted octets of the neon structure, as have Na + and Mg ++ , and NaF 
and MgO are isomorphous. These four ions with identical outer 
electronic configurations are called isosteres : a list of cases given by 
Langmuir of isomorphism based on isostcrism is : 


MgO ; NaF. 

MgF„ ; Na 2 0. 
CaCi“; K 2 S. 

KC1 ; CaS. 
RbMn0 4 ; BaCr0 4 . 


KCNO ; KN 3 . 
NaC10 3 ; CaS0 3 . 
KHS0 3 ; SrHPO s . 
Na 2 S 2 0 7 ; Ca 2 P 2 0 7 . 


Argon and methane have similar physical properties, hence we may 
assume that the potassium ion, isosteric with argon but having one positive 
charge, will resemble the positive ammonium ion, isosteric with methane. 
The potassium ion (cubic) however, is not isosteric with the ammonium ion 
which, like methane, has tetrahedral symmetry. In 1CCI crystals, each K + 
ion is surrounded by six equidistant chlorine ions (see Fig. 221), whilst in 
NH 4 C1 the NH 4 + ion is surrounded by eight equidistant chlorine ions 
arranged like the corners of a cube about its centre (see Fig. 222A). Potas- 
sium and ammonium sulphates, however, are isomorphous, so that tie 
, larger volume of the sulphate ion constrains the potassium and ammonium 
ions into like positions. 
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Isomorphous alums are : 

, K 2 S0 4 , A1 2 (S0 4 ) s , 24H a O 

K 2 BeF 4 , A1 2 (S0 4 ) 3 , 24H 2 0 
K 2 ZnCl 4 , A1 2 (S0 4 ) 3 , 24H 2 0. 

If account is taken of the arrangement of the structural units in the 
lattice according to the 230 space groups, crystals belonging to one of the 
32 symmetry groups (p. 357) may differ in internal structure. The alums 
then belong to three different structures, a(KAI, NH 4 A1, RbAl, T1A1, KCr), 
j8(CsAl) and y(NaAl), depending on variation in size of the ions. If 
isomorphism means similar arrangement of geometrically similar structural 
units, the various alums are not all isomorphous. 



CHAPTER XXVI 


SULPHUR 

History.— -Sulphur was perhaps known to the ancient Egyptians and 
Babylonians ; it occurs in the Dead Sea region and is mentioned in the 
Bible. It was well known to the Crooks and Romans. The use of burning 
sulphur in fumigation is mentioned by Homer (c. 900 b.c.), the bleaching 
of textile fabrics by the fumes was carried out and sulphur was used 
medicinally. The alchemists regarded sulphur as the principle of com - 
bustibilii // and a constituent of metals. The phlogistonists considered it 
to be a compound of phlogiston and sulphuric acid. Lavoisier (1777) 
pointed out that it should be regarded as an element. 

Occurrence. — Free sulphur occurs in large quantities in the volcanic 
region of Sicily, and in America in the southern States of Louisiana and 
Texas which now produce 80 per cent of the total sulphur used in the 
world. Sulphur deposits are also found in Japan, Russia, Iceland, 
Chile, and New Zealand. 

Sicilian sulphur is stratified with clay and rock, mostly gypsum 
CaN0 4 ,2H 2 0, limestone, and celestine SrS0 4 . It is found occasionally 
in large yellow transparent crystals, but usually in yellow or grey crystal- 
line masses. The sulphur in craters of extinct volcanoes may have been 
formed by the interaction of volcanic gases containing hydrogen 
sulphide and sulphur dioxide : 

2H a S + S0 2 - 2H 2 0 -f 3S. 

When dry hydrogen sulphide and sulphur dioxide gases are mixed by 
inverting one jar over the other and removing the plates, no action occurs. 
If a little water is introduced into the jars it becomes turbid, from separa- 
tion of yellow sulphur. The reaction is complicated and pentathionic acid 
H a S fi O e is also formed : 

5H 2 S h 10SO 2 = 3H 2 S 6 0 6 1 2H a O. 

Since gypsum and calcium carbonate always occur in sulphur beds, 
the deposits of sulphur in Sicily have probably been formed by the 
reduction of gypsum by organic matter and bacteria : 

20aS0 4 + 30 = 2Ca00, + 2S } 00 2 . 

Combined sulphur occurs as sulphides, many of which are important 
ores of metals : lead sulphide galena PbS, zinc sulphide blende ZnS, 
copper pyrites Cu 2 S,Fe 2 S 3 , and iron pyrites FeS 2 ; and also as sulphates, 

447 
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e.g. gypsum CaS0 4 ,2H 2 0. Hydrogen sulphide occurs in volcanic gases 
and in some mineral springs. Sulphur dioxide occurs in volcanic gases. 
Some springs and rivers in America (Rio Canea and Rio Vinagre) con- 
tain free sulphuric acid. Sulphur occurs in some kinds of organic 
matter ; the blackening of silver spoons by eggs is due to this combined 
sulphur. 

Sulphur is found in certain bacteria, e.g. Beggiatoa alba , which decompose 
sulphur compounds in their life processes. The pungent principles of 
onions, garlic, horse-radish, and mustard are organic sulphur compounds. 
Combined sulphur is present in hair and wool. 


The extraction of native sulphur. — Native sulphur in Sicily, which 
contains 15 to 25 per cent of sulphur, is stacked in lumps with air spaces 
in brick kilns called calcaroni, built on sloping hillsides and covered 



distillation. 

with powdered ore (Fig. 248). The ore is kindled at the top and the 
heat of combustion of about 30 per cent of the sulphur serves to melt 
the rest, which flows off into wooden moulds. The blocks so formed 
still contain 3 to 5 per cent of the original rock. 

An improved process uses the Gill kiln ( 1 8(17 ) consisting of communicating 
closed brick chambers ; hot gases from a chamber in which the sulphur has 
been melted out pass into an adjoining chamber and so economise heat. 
About 75 per cent of the sulphur is recovered. Payen and Gill (1807) pro- 
posed to melt out the sulphur with superheated steam. 

The crude sulphur is shipped from Sicily (where fuel is scarce) to 
Marseilles to be refined with the apparatus shown in Fig. 249. The 
sulphur fused in an iron pot flows into an iron retort. The sulphur 
vapour passes into a large brickwork chamber. At first it condenses on 
the cold walls as a light yellow powder of flowers of sulphur , As the 
walls become hot this melts (unless it is removed) and runs down as a 
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liquid to the bottom, whence it is tapped off into wooden moulds to 
form roll sulphur or brimstone . 

American sulphur is extracted by the Frasch process . The deposit 
occurs below clay, quicksand and rock. A boring is made to the deposit 
and a “ pump ” of concentric pipes is sunk 
(Fig. 250). Down the outer pipe super- 
heated water is pumped, which fuses the 
sulphur. Air is forced down the inner 
pipe, when an emulsion of molten sulphur 
and air-bubbles rises to the surface through 
the remaining annular space and passes to 
large wooden vats, where the sulphur of 
99-5 per cent purity solidifies and is ready 
for immediate use. It contains a little 
petroleum, which makes it rather difficult 
to burn. 

Sulphur was formerly prepared by dis- 
tilling iron pyrites in clay retorts : 3FeS 2 - 
Fe,S 
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roasting pyrites in kilns with a limited sup- 
ply of air : 3FeS 2 4- 50 2 = Fe 3 0 4 + 3S0 2 + 3S. 

It is more economical to burn the pyrites 
to sulphur dioxide : 4FeS 2 + 1 10 2 = 2Fe 2 0 3 
+ 880 2 , and use this as a source of sul- 
phuric acid. Sulphur is formed by heating metallic sulphides at 1000° 
in carbon dioxide : FeS + C0 2 = FeO 4- CO + S. 

Recovered sulphur. — Sulphur is extracted from Leblanc alkali- 
waste (containing insoluble calcium sulphide, CaS) by the Chance-Claus 
process . 


Limekiln gas containing carbon dioxide is passed into a suspension of the 
waste in water in large iron vessels called carbonators. Hydrogen sulphide 
is evolved : CaS + COj + Hj0 = CaCOs + Hl S. 


The gas is passed into a second carbonator where the hydrogen sulphide is 
absorbed as calcium hydrosulphide 


CaS 4- H 2 S = Ca(HS) 2 . 

The kiln gas is then passed into the second vessel. The Ca(HS) g is 
decomposed : C a(HS) s + CO, + H,0 = CaCO, + 2H s S. 

The gas is mixed with air and passed over porous oxide of iron on a grating 
in the Claus kiln — a brickwork chamber with large brick condensing cham- 
bers and flues beyond. The oxide is heated to start the reaction which then 
proceeds automatically : 


2H a S 4- O* = 2H f O + 2S. 
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The oxide of iron if* unchanged and ac*t« as a catalyst. The recovered 
sulphur is very pure. 

Coal contains pyrites FeS 2 , about half the sulphur of which during 
distillation in the manufacture of coal gas comes off as hydrogen 
sulphide and carbon disulphide. The sulphur of the hydrogen sul- 
phide is recovered (p. 613) in „ iron oxide. The spent oxide, , which 
contains about 50 per cent of free sulphur, is then burnt in a cur- 
rent of air to produce sulphur dioxide, which is used to make sul- 
phuric acid. 

* 

Some sulphur is recovered from the sulphur dioxido of metal roaster and 
smelter gases by dissolving in a suitable solvent, expelling the sulphur 
dioxide, and passing it over white-hot coke : S0 2 + C - CO* + S. 

The solvent may be a cold solution of sodium sulphite containing alumi- 
nium chloride, and the gas is evolved on heating : 

Na 2 S0 3 + S0 2 + H 2 CM2NaHSO s . 

Uses of sulphur. — V rude sulphur is used for making sulphur dioxide 
and thence sulphuric acid, for bisulphites for paper manufacture, and 
carbon disulphide. Refined sulphur is used in medicine, in the form 
of powder as a fungicide, and in the preparation of gunpowder, matches, 
fireworks and dyes. Sulphur is also used in large quantities for vul- 
canising rubber. 

For use in dressing vines (to prevent the growth of the fungus Outturn ), 
sulphur is finely ground between millstones and sieved through silk. By 
blowing a current of air through the mill, the very finest particles (“ win- 
nowed sulphur ”) are carried off and are retained by cloth filters. 

Allotropic forms of sulphur. — Sulphur is dimorphous and exists in two 
common crystalline forms : a-sulphur or rhombic sulphur, and j8-sulphur or 
monoclinic sulphur. There are also amorphous forms such as y-sulphur 
or plastic sulphur. 

Rhombic or a-sulphur crystallises in large pale-yellow transparent 
crystals (Fig. 251), giving a lemon-yellow powder, when a solution of 

© roll sulphur in carbon disulphide is allowed 
to evaporate slowly in a dish covered with 
filter-paper. The density of a-sulphur is 
2*06, its melting point is 112-8°. It is in- 
soluble in water and only very slightly soluble 
in alcohol and ether, but is freely soluble in 
carbon disulphide, sulphur chloride (S 2 Cl a ) 

** and hot benzene and turpentine. Rhombic 
* 1 rhombic^ suf^iur sulphur is the form stable at the, ordinary 

1 11 8U I 1U * temperature and most other forms pass into 
it on standing. Roll sulphur consists almost entirely of rhombic sulphur; 
flowers of sulphur contain 70 per cent of it, but when genuine con- 
tain also a yellowish-white amorphous variety insoluble in carbon 
disulphide. 
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X-rays show that the S a crystals contain S 8 molecules (also present in the 
vapour and in solution) consisting of zig-zag octagonal rings (Fig. 252), with 
sixteen S„ molecules in tho unit coll 
of the crystal. 3 

Monoclinic or /3-sulphur, discovered I 
in 1823 by Mitscherlich, is produced * ® 
when fused sulphur is allowed to y J(} . 252.— Structure of S 8 molecule, 
crystallise. 



A large porcelain crucible is nearly filled with small pioces of roll sulphur, 
and heated gently on a sand-bath till the whole is just fused. It is allowed 
to cool until a crust forms on the surface. Two holes (one to admit air) are 
pierced in this crust with a pointed glass rod, and tho still liquid portion 
poured out into a dry porcelain dish. On removing the crust, the inside of 
tho crucible will be found to bo lined with transparent needle-shaped 
crystals (Fig. 253) of /3-sulphur, usually deeper yellow in colour than a- 
sulphur. On standing for a few days the crystals 
become opaque brittle lemon -yellow aggregates of 
minute crystals of oc-sulpliur, although the original 
inonoclinic form is preserved and tho crystal is 
therefore called a pseud omorph. The transition from 
one form to the other is readily followed by the colour. 

(Genuine Sicilian roll sulphur should be used for 
those experiments, since American sulphur may con- 
tain a trace of petroleum which results in dark 
coloured and unsatisfactory products.) 


M. 


^raonoclUuo^pW? 1 . P-sulphur when quickly heated melts at 119°; 

its density is 1-D6. It is soluble in carbon disul- 
phide and the solution on evaporation deposits a-sulphur. 

The transformation of into S ff is reversible ; below 96° S a is the 
stable form and above 00° S 0 . This temperature is the transition temper- 
ature (or transition point) of sulphur. At the transition temperature the 
two crystalline forms are in equilibrium : S a ^ 8^. 


Substances like sulphur and tin (j>. 827) which exist in two forms one of 
which is stablo below a certain temperature and the other stable above it, 
are called enantiotropic ; substances like phosphorus (p. 5G5) and iodine 
monochloride (p. 332) which exist only in one stable form, the other forms 
being unstable or metastablo in all circumstances, are called monotropic 
(Greek monos one, enantios opposite, tropos habit). 

A second variety of monoelinie sulphur, deposited in pearly leaflets from 
a hot solution of sulphur in benzene or toluene on rapid cooling, was 
called nacreous sulphur by Gernez anti is monotropic. It is also formed by 
cooling sulphur fused at 100° in a tube to 98° and scratching the inside 
of the tube with a platinum wire. 


Sulphur vapour. — Sulphur boils at 444-6° and forms a deep red 
vapour which when strongly heated becomes yellow. Dumas (1832) 
found the vapour density at 524° to correspond with S 6 , but the 
vapour was probably a mixture of S 8 and S 2 ; at higher temperatures 
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the density falls and at 1000° corresponds with S 2 . Nemst found that 
45 per cent of the S 2 molecules were broken up into atoms at 
2000° : S 2 v=* 2S. Biltz (1888) and Bleier and Kohn (1900) found 
densities higher than S 7 at lower temperatures (e.g. 193° at 2 inm*.), 
and concluded that at lower temperatures the molecule is S 8 , partly 
dissociated even at the boiling* point : S 8 ^4S 2 . Vapour densities at 
80° under low pressures gave S 8 for S a and S^, and a smaller molecule, 
probably S 4 , for (p. 454). The lowering of vapour pressure of 
carbon disulphide by dissolved rhombic sulphur gives the formula S 8 , 
but S fl and S 4 have been given for S 0 and S ff (p. 454). 

! Pure sulphur, — H. B. Baker purified sulphur by heating the vapour with 
S 2 Cl s at 450°, when the hydrogen present as impurity forms H 2 S, which 
reacts with S 2 C1 2 to form HC1 and S. The S 2 C1 2 and HC1 were removed by 
heating in vacuo , and the sulphur left was so pure that it could be distilled 
unchanged in oxygen dried over phosphorus peritoxide. 

Equilibrium between rhombic and monoclinic sulphur. — In Fig. 254 
OP is the vapour pressure curve of a- sulphur and represents the 

pressures of sulphur vapour in 
equilibrium with solid S a at 
various temperatures. P is 
the transition point of a- and 
jS-sulphur, where a- and j8- 
sulphur and vapour are in equi- 
librium, and is a triple point ; 
the three “ phases ” can co- 
exist only at one temperature 
and pressure. Q is the melting 
point of jS-sulphur and is an- 
other triple point where ^-sul- 
phur, liquid and vapour are in 
equilibrium. QZ is the vapour 
pressure curve of liquid sul- 
phur. 

If a- sulphur is heated rapidly 
the slow transition into ^-sul- 
phur at P will not occur but 
the curve PR will be followed 
to the point R, which is the 
melting point of a-sulphur (113°) ; at this point a-sulphur, liquid and 
vapour co-exist, so that R lies in the prolongation of the curve ZQ. 
The point R lies in a meta^table region since a-sulphur is not a stable 
phase above 96°, Below 96° a is stable and unstable but above 96° 
fi is stable and a unstable. But Sg may exist in a metastable condition 
below 96° because the change S^~>S a takes place only slowly. The pro- 
longation of QP to Y expresses this fact, PY being the vapour pressure 
curve of at temperatures below 96°. The melting points of a- and 
jS-sulphur are raised by pressure but at different rates. This is repre- 



Fig. 254. — Vapour pressure diagram for 
sulphur. 
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seated by two lines starting from P and Q with different slopes and 
meeting ultimately at 8 (15i° ; 1288 atm.) where S a , and liquid are 
in equilibrium. (The slopes of the lines PS and QS arc much exaggerated 
in Fig. 254 and they are actually nearly parallel, so that their point of 
intersection S would be at a great distance above the t axis if the figure 
were drawn to scale). Above the point S , cannot exist, the region of 

its stable existence being confined to the area PSQ. The areas defining 
the regions of existence of S a , S^, liquid and vapour are marked. If S a is 
kept at a temperature between 90 and 1 1 3° for a long time and then 
heated, it will not melt at 113° but at 120°, 
since it has been converted into 

Plastic sulphur. — The changes which occur 
when sulphur is slowly heated to its boiling 
point are most remarkable. 

When small pieces of genuine roll sulphur are 
slowly and carefully heated in a large test-tube, 
they melt to a clear yellow mobile liquid. On 
cooling rapidly by pouring in water, Sg k pro- 
duced. If the temperature is now grad u ( dl y 
raised and the tube shaken, the orange-rod 
liquid suddenly becomes very viscous at 1 SO - 
UK) 0 , At 230° the liquid is black and viscous. 

Beyond 230' the viscosity decreases but tho 
colour remains dark, and the sulphur finally 
boils at 444*(>°. If tho boiling sulphur is 
allowed to cool slowly it passes through tho 
above series of changes of colour and viscosity 
in the reverse order, solidifying as j9-sulphur. 

But if tho boiling liquid is quickly cooled by 
being poured into cold water it forms soft rubber-like transparent yellow 
threads, called plastic sulphur or y-sulphur (Fig. 255). 

Plastic sulphur has a density 1 -92 and is insoluble in carbon disul- 
phide. On standing for a few days it forms an opaque brittle pale- 
yellow solid consisting partly of rhombic sulphur, 
but some of the solid is insoluble in carbon disul- 
phide and consists of an amorphous variety 
called 8^. At 100° the change takes place more 
rapidly. 

Plastic sulphur (mentioned by Baiirne in 1773) 
is amorphous but (like rubber) it shows an X-ray 
“ fibre ” diagram when stretched, suggesting that 
Fig. 256. — Structure it contains long chains of sulphur atoms parallel 
of plastic sulphur. to the direction of stretching (Fig. 256). 

The plastic sulphur is obtained only if slightly impure sulphur, which 
has boon exposed to air and contains a trace of sulphuric acid, is used. 
If ammonia gas is passed through the boiling sulphur, no plastic sulphur 

Q 




Flo. 255. — Plastic sulphur. 
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is formed on rapid cooling. In liquid sulphur two forms S A and S M exist 
in equilibrium at various temperatures : S A ^ S M : the percentages of 
are: at 120°, 3-6 ; 100°, 11 ; 444 0°, over 30. S A is the form giving 
monoclinic sulphur on cooling, while gives plastic sulphur. 

The rate of conversion of S fi into S A on cooling is greatly increased by 
, ammonia, which acts as a positive catalyst for the change 8 M ->S A . Sulphur 
dioxide, sulphuric acid and traces of iodine retard the change, acting as 
negative catalysts and so promoting the formation of on cooling, since 
they stabilise this form. 

White sulphur. — An amorphous white sulphur remains as a pale- 
yellow powder when genuine “ flowers of sulphur ” are extracted with 
carbon disulphide ; it is also formed when a solution of sulphur in 
carbon disulphide is exposed to sunlight, or by the decomposition of 
sulphur chloride by water. It is probably a form of S p . 

Powdered roll sulphur when boiled with milk of lime dissolves to 
form calcium pentasulphide and calcium thiosulphate : 

3Ca(OH) 2 + 12S - 2CaS 6 + CaS 2 0 3 + 31I 2 0. 

The reddish-yellow solution is filtered. It w r as known to the early 
alchemists as theion hudor (the “ divine ” or “ sulphurous ” water). 
When it is acidified with dilute hydrochloric acid a white amorphous 
precipitate of milk of sulphur (lac sulphuris) is formed and hydrogen 
sulphide is evolved : 

2CaS 6 4 - CaS 2 0 3 + 6HC1 «3CaCl 2 + 3H 2 0 + 12S. 

Milk of sulphur, which is used medicinally, is soluble in carbon di- 
sulphide. It is a form of vS A . 

Colloidal sulphur is formed in the preparation of milk of sulphur : the 
filtered liquid is a turbid emulsion of sulphur. The milky liquid 
obtained by passing hydrogen sulphide into a solution of sulphur 
dioxide deposits on evaporation a gum-like mass, part of which is 
soluble in w r ater (Debus, 1888). 

Colloidal sulphur is obtained by the interaction of sodium thiosulphate 
solution and concentrated sulphuric acid. It is precipitated from the 
solution by addition of sodium chloride and centrifuging, and rodissolves 
in w'ater (Oden, 1913). 

Other forms of sulphur. — Other varieties of sulphur described are S ff and 
% (or S p ). S n is obtained when sulphur is hoatod to about 180° and rapidly 
cooled ; tho solution of the solid in CS 2 w hen cooled to - 80° deposits S A , and 
S ff is obtained by evaporating the remaining solution in a vacuum at - 80°. 
In solution in toluene or carbon disulphide has a deep-yellow colour. 
In solution it exists as S 4 . 8^ is said to bo producod when to concentrated 
hydrochloric acid at 0° a cold solution of sodium thiosulphate is added 
and the mixture shaken with toluene. After a short time orange-yellow 
rhombohedral crystals of 8^ separate from the toluene, having a distinct 
form and solubility. The solutions of are yellow, but not so strongly 
as those of S w , In solution it exists as S 8 . 
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Two other forms, (rhombic plates) and S^ (hexagonal plates), nearly 
colourless, are formed by cry stall ising from a solution of sulphur in chloro- 
form containing rubber and a little benzonitrile ( Korin th, 1928). 


Hydrogen sulphide. — Sulphur and hydrogen form a gaseous com- 
pound H 2 S, called hydrogen sulphide (or “ sulphuretted hydrogen "), 
and several liquid hydrogen polysulphides H 0 S 2 , H 2 S 3 , H 2 S 4 , H 2 S 5 and 

H a s 6 . 

Although hydrogen sulphide was known by its smell to the alchemists 
the gas Was first, carefully examined by Scheelo m 1777 ; he proved that 
it is a compound of hydrogen and sulphur. 

Hydrogen sulphide occurs in volcanic gases and in some mineral 
waters, e.g. of Harrogate, Aix-la-Chapelle, etc. It is formed in the 
putrefaction of organic substances containing sulphur and contributes 
to the smell of rotten eggs and sewer gas. 

When hydrogen is passed over boiling sulphur in a bulb-tube the 
issuing gas contains a small amount (1 or 2 per cent.) of hydrogen sul- 
phide and blackens lead acetate paper owing to the formation of lead 
sulphide PbS. If pure hydrogen sulphide is heated partial decomposi- 
tion occurs with deposition of sulphur, hence the reaction is reversible : 

h 2 +s^h,s. 

The pure gas is prepared synthetically in presence of pumice as a cata- 
lyst at 000°, when the reaction is practically complete. 


Traces of hydrogen sulphide are formed when sulphur is boiled with water: 

4H t O + 4»3^3H t K-f H,S0 4 . 

The gas is formed when heavy naphtha (sp. gr. 0-9) is dropped into boiling 
sulphur in a flask, and is evolved in a regular stream on heating a mixture 
of powdered sulphur, paraffin wax and ignited asbestos. Hydrogen in the 
hydrocarbons is substituted by sulphur (S replaces 211). 

Hydrogen sulphide is usually prepared in the laboratory by the action 
of dilute sulphuric acid, or better hydrochloric acid (1 : 3), on ferrous 
sulphide in a Kipp’s apparatus : 

FeS + 2HC1 = FeCl 2 -f H 2 S. 

The gas is washed with a little water before use. Since the ferrous 
sulphide contains free iron the gas contains hydrogen, which does not? 
interfere with its use in qualitative analysis. 

Hydrogen sulphide free from hydrogen is obtained by heating 
powdered antimony sulphide (stibnite) with concentrated hydrochloric 
acid : 


Sb A + 6HC1 - 2SbCl 3 + 3H 2 S. 



45(f INORGANIC CHEMISTRY [ohju- 

The pure gas is obtained from pure zinc sulphide or calcium sulphide 
and hydrochloric acid : 

0a8 4 2HC1 = Ca01 2 4 H 2 8, 

or by heating to 60° a solution of magnesium hydrosulphide obtained by 
passing the impure gas into a suspension of magnesia in water : 

MgO f 2H 2 S ^ Mg(HS) 2 4 H a O. 

Hydrogen sulphide may be dried with calcium chloride or phosphorus 
pentoxide ; it reacts with concentrated sulphuric acid : H 2 S-f H 2 80 4 * 
S*f S0 2 4-2H 2 0. It is collected m dry jars by displacemcht (it is 
1*2 times as heavy as air) since it is soluble in water (3*4 vols. to 1 vol. 
water at 10°) and tarnishes mercury unless it is dry and free from 
oxygen. 

Hydrogen sulphide is a colourless gas with a powerful odour of 
rotten eggs (decaying albumin evolves H 2 S) and is poisonous. It 
liquefies fairly easily to a colourless liquid, b. pt. -007° (vapour 
pressure at 12° = 15 atm., critical temperature 100*4°, critical pressure 
89*05 atm). At lower temperatures it forms a transparent solid, in. pt. 
- 85*0°. 

Hydrogen sulphide is soluble in water (4*37 vols. at 0°, 3*40 vols. at 
10°, 2-6 vols. at 20°) and alcohol (9*54 vols. at 15°). The aqueous 
solution is a feeble acid ; the gas is completely expelled by boiling, and 
on standing in air the solution becomes turbid owing to oxidation and 
deposition of sulphur : 

2H 2 S + 0 2 = 2H 2 0 f28. 

This is retarded by the addition of 1 ml. of glycerol to 50 ml. of satu- 
rated solution. In decinormal solution 0*1 per cent is ionised to H* 4 - 
HS' ; the further stage to S" is very slight : 

[H*J [HS']/[H 2 S]=9*l x 10~ 8 
[H‘ ] |S"]/[HS' | = J *2 x 1()- 15 . 

A solid crystalline hydrate with 5 or 6 H 2 0 is formed at low temperatures. 

The gas is decomposed into its elements by electric sparks or by a 
heated platinum spiral : H 2 S * H 2 4 - 8, and by heated tin or lead, giving 
its own volume of hydrogen : H 2 8 i Sn = H 2 4 Sn8. Its density corres- 
ponds with the molecular weight 34. Of this one molecule of hydrogen 
per molecule of gas accounts for 2, and hence the sulphur is 34 - 2 ® 32, 

* which is the atomic weight ; hence the formula is H 2 S. 

Chlorine decomposes hydrogen sulphide and sulphur is deposited : 
H 2 S 4 - 01 2 = 2HC1 4 - 8, but sulphur chloride is also formed. A solution 
of hydrogen sulphide gives a precipitate of sulphur with chlorine water* 
but with a large excess of chlorine water it slowly forms sulphuric acid : 

H 2 S 4 * 4H 2 0 4 - 4C1 2 *= H 2 S0 4 4 - 8HC1. . 
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Hydrogen sulphide is easily oxidised and acts as a reducing agent in 
aqueous or alcoholic solution. It reduces solutions of ferric chloride, 
potassium permanganate and potassium dichromate : 

2FeCl 3 + H 2 S = 2 FcC 1 2 4- 2HC1 + S 
2KMn0 4 + 4H 2 S = 2Mn8 + S + K 2 S0 4 + 4H 2 0 
K 2 Cr 2 0 7 4 - 4H 2 80 4 i- 3H 2 S - K 2 S0 4 + Cr 2 (S0 4 ) 3 f 3S 4 - 7H 2 0. 

Hydrogen sulphide may be determined by titration in dilute solution 
(not more than 0*04 per cent of H 2 S) with iodine solution : 

H 2 S 4 l 2 =2HI + 8. 

The gas kindled in air or oxygen burns with a blue flame ; the 
ignition point in air is 364°. The gas is completely dissociated in the 
interior of the flame, which deposits Sulphur on a cold porcelain dish. 
If the gas in a glass cylinder is kindled at the mouth a deposit of sulphur 
is formed on the inside of the jar, owing to the deficiency of oxygen : 

2H 2 S -f 0 2 ~2H 2 0+2S. 

With a plentiful supply of oxygen, as when the gas burns at a jet in air, 
sulphur dioxide is formed : 

2H 2 S + 30 2 - 2H 2 0 + 280 2 . 

A mixture of 2 vols. of H 2 S and 3 vols. of oxygen explodes violently 
when kindled. 

The gas decomposes concentrated sulphuric acid : 

H 2 S0 4 + HgS » S + S0 2 4 2H a O. 

It is absorbed by solutions of alkali hydroxides, and by slaked lime, 
forming sulphides and hydrosulphides : 

2NaOH + H 2 8 - Na 2 S + 2H s O 
Na 2 S 4- H 2 S = 2NaHS. 

Fuming nitric acid reacts violently with the gas, ignition and perhaps 
explosion occurring. Vory dilute (5 per cent) nitric acid is not affected ; 
with more concentrated acid (43 per cent) the products are sulphuric acid, 
sulphur, ammonia, nitrous acid, nitric oxide and nitrous oxide. A solution 
containing 23 per cent of nitric acid and 15 per cent of sulphuric acid is 
inert towards the gas, whether prepared by mixing or by the reaction , 
itself. 

The gas or its solution (e.g. in mineral waters) may be detected by the 
black coloration due to lead sulphide PbS, produced with lead acetate. 
Alkali sulphides give a purple colour, not produced by free II 2 S, with 
> freshly-prepared solution of sodium nitroprusside Na 2 Fe(NO)(CN) 5 . 

Precipitation of sulphides, — Hydrogen sulphide precipitates sulphides 
from solutions of salts of many metals. These sulphides often have 
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characteristic colours, and hydrogen sulphide is used as a reagent in 
qualitative analysis * 

The sulphides of Group II metals are precipitated from solutions 
acidified with hydrochloric acid : copper, load, mercuric and bismuth 
salts all give black sulphides (bismuth, brownish-black), CuS, PbS, 
HgS, Bi 2 S 3 ; cadmium, tin (stannic) and arsenic give yellow sulphides, 
CdS, SnS 2 , As 2 S 3 ; antimony gives an orange-red sulphide Sb 2 S 3 ; tin 
(stannous) a brown sulphide SnS. 

Group IV metals are precipitated only in alkaline solutions. An 
alkali sulphide, e>g. ammonium sulphide, may be used. The precipi- 
tates are black (FeS, CoS, NiS), white (ZnS), and flesh-coloured or 
greenish (MnS). 

If the sulphides are very sparingly soluble (PbS, CuS, HgS, As a S 3 , 
Sb 2 S 3 , etc) the concentration of S" ions formed from them is never 
large enough, even with relatively high concentrations of H* ions, to 
give an ionic product [H ] 2 x [S"] exceeding the solubility product of 
H 2 S, so that the latter cannot be formed. Tn other words, the sulphides 
are precipitated even in the pres once of acids. Cadmium sulphide CdS 
occupies an intermediate position ; if the acid concentration is greater 
than l-3i\ r it is not precipitated. Zinc salts are incompletely pre- 
cipitated from neutral solutions, since the acid formed leads to an 
equilibrium state: ZnS0 4 + H 2 S ^ ZnS -f H 2 S0 4 . Sulphides of some 
metals (FeS, ZnS, MnS) are precipitated in alkaline solution, because 
then practically no H’ ions are formed. The metals of the alkalis and 
alkaline earths arc not precipitated, because their sulphides are 
soluble in water (Na 2 S, K 2 S) or in a solution of hydrogen sulphide 
(CaS +H 2 S ^ Ca(HS)g). Aluminium and chromium salts give pre- 
cipitates of hydroxides with ammonium sulphide, since their 
sulphides are completely hydrolysed by water : 2A1”' + 3S" + 6H 2 0 = 
2A1(0H) 3 + 3H 2 S. 

The precipitation of sulphides is complicated by the occurrence of 
modifications with different, solubilities. Cobalt and nickel sulphides are 
not precipitated by hydrogen sulphide from acid solutions, but when the 
precipitates have been formed by ammonium sulphido in alkaline solution 
they are insoluble in dilute acids. Two modifications of zinc sulphide are 
precipitated, one (a-ZnS) in acid solution and another (/3>ZnS) in alkaline 
solution, the second form having five times the solubility of the first. In 
acid solutions the precipitation of zinc; sulphide shows a period of induction 
which is longer the more acid is the solution. In some cases no precipitate 
is formed, although zinc sulphide is almost insoluble in the strength of acid 
used. Other sulphides, e.g. CuS and CdS, however, 1 >ring about simultaneous 
precipitation of the zinc sulphide. 

* On the theory of sutyhide precipitation, see p. 313. 
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Hydrogen persulphides. — If an acid is added to the yellow theion hudor 
(p. 454), which contains polysulphides of calcium CaS 2 and probably 
CaS 6 , hydrogen sulphide is evolved and white colloidal sulphur is 
formed, slowly depositing as milk of sulphur : 

CaS 2 + 2HC1 - CaCl 2 + H 2 S f S. 

Scheele (1777) found that if the calcium polysulphide solution is poured 
in a thin stream into cold fairly concentrated hydrochloric acid, with 
constant stirring, a yellow oil separates, which Thenard (1831 ) regarded 
as hydrogen persulphide H 2 S 2 » analogous to H 2 0 2 . 

CaS 2 + 2HC1 - CaCl 2 + H 2 S 2 . 

Boil 2 parts of powdered sulphur with 13 of water and 1 part of lime 
slaked with 3 of water, and decant the clear deep reddish-yellow liquid : 
3Ca(OH) g + 12S - 2CaS s + CaS 2 0 3 + 3If a O. Acidify the solution, when a 
white ])recipitate of sulphur is formed and hydrogen sulphide evolved. 

To 250 ml. of a cooled mixture of equal volumes of concentrated HC1 and 
water in a beaker add in a thin stream, with vigorous stirring, 100 ml. of 
theion hudor. Insert a piece of litmus paper into the milky liquid and notice 
that it is bleached. Pour the liquid into a separating funnel. After a few 
hours a yellow oil, heavier than water, separates. 

The oil, density 1*7, has a pungent smell, is soluble in benzene and 
carbon disulphide, but sparingly soluble in and decomposed by alcohol. 
It slowly decomposes spontaneously, especially on warming, into hydro- 
gen sulphide and a residue of sulphur. If sealed up in a bent tube, liquid 
HoN collects in one limb cooled in a freezing mixture, and sulphur re- 
mains in the other. The composition of the oil is variable, since the 
sulphur formed on decomposition dissolves in the remaining persulphide. 
Some chemists considered it to be H 2 S 5 . 

Sabatier (1885) separated the crude persulphide into fractions by 
distillation under reduced pressure ; under 40 100 mm. pressure 
the chief fraction had a composition intermediate between H 2 S 2 
and Jl a S s . Sabatier concluded that it- was H 2 S a i dissolved sulphur. 
Bloch and Hohn (1908) separated the crude oil dried by calcium chloride 
by distillation in small portions under reduced pressure. Since alkali 
decomposes hydrogen persulphides the glass apparatus was washed 
with concentrated hydrochloric acid, and the calcium chloride treated 
with hydrogen chloride gas. Two volatile fractions were obtained. In the 
first receiver hydrogen trisulphide, a pale yellow liquid, density 1*496, < -b. pi. 
i 43°-50‘74*5 mm., m. pt. - 52° to - 53' collected : in a further, strongly 
cooled, receiver hydrogen disulphide, H 2 S 2 , a yellow liquid, density 1*327, b. pt. 
74° to 75°, quickly decomposed by water and alkalis, was obtained. 

Feher and Baudler (1947) showed that crude hydrogen persulphide does 
not contain H 2 S 2 and F1 2 S 3 , which arc formed from higher persulphides 
by decomposition during distillation. The main component ot the crude 
oil is probably Ji 2 S r , or H 2 >S 4 . They obtained H,S 4 (a bright-yellow oil, 
density 1-588, more stable than H a S 2 or H 2 K 3 ), H 2 S 6 (bright yellow, more 
Viscous than olive oil, density 1*060), and I1 2 S 6 (more intensely yellow 
and more viscous than H 2 S & , density 1*669) by “molecular distillation ” 
of the oil in thin layers in a high vacuum. 
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The hydrogen polysulphides probably contain chains of sulphur atoms ; the 

[ * g -»// 
g/ \gj 

With the 8 — 8 length 2* 15 A. and angle 103°. 


Halogen compounds of sulphur. — Sulphur burns spontaneously in 
fluorine producing colourless gaseous sulphur hexafluoride SF e (Moissan 
and Lebeau, 1900). This contains 6- valent sulphur, the sulphur atom 
having an outer shell of twelve valency electrons. The density of 
the gas corresponds with the formula SF e . It solidifies at- 50*8°. 
The gas is chemically inert like nitrogen, but is decomposed by boiling 
sodium : 


SF 6 + 8Na =• NagS + 6NaF, 
and by hydrogen sulphide ; 

SF e + 3H 2 S = 6HF + 4S. 

Fused potassium hydroxide and ignited lead chromate or copper, have 
no action upon it. 

The sulphur hexafluoride molecule is octahedral, with the sulphur 
atom in the centre and six fluorine atoms at the six corners 
(see p. 504). 

A small amount of S 2 F 10 , m. pt. - 92,° b. pt. -{- 29°, is formed by the 
action of fluorine on sulphur (Denbigh and R. Why tlaw - ( 1 ray, 1934). Sulphur 
monofluoride S 2 F 3 is obtained as a colourless gas, b. pt. - 99°, m. pt. 
- 105*5°, by heating silver fluoride with sulphur : 2AgF ■•{ 38 - Ag 2 S -f S 2 F 2 . 
A gaseous sulphur tetrafluoride 8F 4 , b. pt. -40°, m. pt. - 124°, is formed 
by heating sulphur with cobaltic fluoride : 4CoF s + 8 = 4CoF a 4 SF 4 . It is 
decomposed by water. 

Sulphur monochloride S 2 C1 2 is prepared by passing dry chlorine over 
sulphur fused in a retort (T. Thomson, 1804). A red liquid distils into a 
cooled receiver (Fig. 257). By rectification of this over powdered sul- 



Fig. 257. — Preparation of sulphur monochloride. 


phur, or by allowing it to stand over active charcoal, an excess of 
chlorine is removed, and a clear amber- coloured liquid, density 1*706, 
b. pt. 138°, is obtained, which solidifies on strong cooling, m. pt. - 80°, 
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Sulphur monochloride has a vapour density 67-6, corresponding with 
SA (<d =67*0), but the liquid dissociates slightly on boiling. It 
fumes in moist air and has a most disagreeable pungent odour. The 
liquid is only slowly decomposed by water ; hydrochloric acid and 
sulphur are formed, together with various oxy-acids of sulphur (e.g. 
pentathionic acid). The stoppers of bottles in which it is kept become 
coated with sulphur owing to hydrolysis : 

S 2 C1 2 + 2H 2 0 - 2H01 + H 2 S + S0 2 
2H 2 S + S0 2 =2H 2 0 + 3S 

5H 2 S + 1 0SO 2 = 3H 2 S 5 0 6 + 2H 2 0. 

Metals decompose sulphur chloride on heating, forming chlorides and 
sulphides. Sulphur chloride dissolves sulphur readily (66 per cent), also 
iodine, many halide salts ol metals, and organic compounds. The salt 
solutions are poor conductors, and on account of its small dielectric 
constant (4*9) the liquid has only a slight ionising power. Sulphur 
chloride forms a compound S 2 C1 2 ,4HCS with dry hydrogen chloride. 

- When saturated with chlorine at room temperature sulphur mono- 
chlorido forms a ruby-red liquid containing >SC1 2 , sulphur dichloride, but 
this decomposes on distillation. At - 22° chlorine and the monochloride 
produce sulphur tetrachloride, SCI*. This freezes to a yellowish-white solid, 
melting at - 30°. On taking the liquid out of the freezing mixture it 
decoin j > 0808 . Stable crystalline double compounds, e.g. SbCl 6 ,SCl 4 , are 
known. Lowry, MoHatton and Jones (1927) found that samples of 
chlorinated sulphur chloride after heating in a sealed tube at 100° gave 
freezing-point curves with maxima corresponding with S 2 C1 2 and SC1 4 , 
also breaks attributed to the crystallisation of SCl a and a new chloride 



(S s Cl 2 + SClf) over- chlorinated fresh 

ditto previously heated at 100° 


The sulphur-chlorine system. 

$sCl 4 . Although an equilibrium mixture having the composition SClj 
deposits SC1 4 on freezing, freshly prepared mixtures of S 2 C1 2 with an over- 
chlorinated sample of sulphur dichloride gave a temporary maximum 
freezing-point corresponding with SCI, : SC1 4 -f S a Cl a - 3S01 a , followed on 
standing by 2SCJ 2 = S 2 C1 2 -f Cl 2 . Solid SC1 2 can be frozen out of the fresh 
mixture and crystallised from light petroleum by cooling in liquid air. 
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The structures of the S a Cl, and SCI* moleculos, as determined by electron 
diffraction, are : 


Cl\ 




the angles being 105° (Cl — S — S) and 103° (Cl — S — Cl) respectively. 

Sulphur monobromide S,Br„ is a garnet-red liquid, b. pt. 57°/0-22 mm., 
m. pt. - 46°, obtained by heating sulphur with bromine in a sealed tube. 
The so-called iodides of sulphur are mixtures of tho elements. 
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OXYGEN COMPOUNDS OF SULPHUR 


The following oxides and oxy-acids of sulphur are known : 


Sulphur monoxide 

so 

Sulphur trioxide 

so. 

Disulphur trioxide 

8.0, 

Disulphur heptoxide 

S A 

Sulphur dioxide 

so, 

Sulphur tetroxide 

so. 

Hyposulphurous acid 

ASA 



Sulphurous acid 

II,S0 3 

Dithionic acid 

ASA 

Sulphuric acid 

h 2 so 4 

Trithionic acid 

ASA 

Thiosulphuric acid 

Ana 

Tetrathionic acid 

AS,o, 

Disulphuric acid 

ASA 

Pentathionic acid 

ASA 

Perdisulphuric acid 

ASA 

Hexathionic acid 

AS.O, 

Permonosulphuric acid 

AS0 5 




►Sulphur Dioxide 

History. — Homer refers to the use of burning sulphur in fumigation and 
Pliny states that the fumes were used for purifying cloth (i.e. bleaching). 
The alchemists thought the pungent fumes were oil of vitriol, but Stahl 
(3703) showed that they gave peculiar salts with alkalis, and since they 
stood halfway between sulphuric (vitriolic) acid and sulphur (the latter 
regarded as sulphuric acid 4 phlogiston), his followers called the acid 
phlogisti rated vitriolic acid. Priestley (1774) obtained gaseous sulphur 
dioxide by heating concentrated sulphuric acid with mercury and collected 
it over mercury. He called it vitriolic acid air. Its composition was de- 
termined by Lavoisier in 1777. 

Occurrence— Sulphur dioxide occurs in volcanic gases and traces are 
present in the atmosphere, being derived from the combustion of iron 
pyrites contained in coal, and produced in various metallurgical and 
chemical processes. 

Preparation. — Sulphur dioxide is formed (together with a little tri- 
oxide) when sulphur burns in oxygen : 

S + 0 2 =S0 2 . 

It is also formed (mixed with atmospheric nitrogen)* when sulphur or 
iron pyrites burns in air : 

4FcS 2 + 1 10 2 = 2Fe 2 0 3 + 8SO,. 

* It is a very common error to give this as a laboratory preparation of sulphur 
dioxide. 

463 
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When sulphur is heated in air it fuses, and as the temperature rises a 
very gentle combustion begins, accompanied by a faint glow visible only 
in a dark room. This is due to the oxidation of sulphur vapour, which 
is evolved appreciably at about 230°. At about 303° in air (275°-280° 
in oxygen) the sulphur ignites and burns with a blue flame, producing 

sulphur dioxide S0 2 and a little 
solid sulphur trioxide S0 3 , which 
renders the gas cloudy. 

Sulphur burns in a confined 
volume of oxygen or air without 
causing appreciable change of 
volume, i.e. sulphur dioxide con- 
tains its own volume of oxygen . 

A small piece of sulphur in a 
metal spoon is kindled in dry 
oxygon over dry mercury in the 
apparatus shown in Fig. 258 by 
means of a pieeo of line platinum 
wire heated electrically in contact 
with the sulphur. When the 
apparatus is cool, the mercury 
levels are practically unchanged. 

The density of sulphur dioxide 
gives the approximate molecular 
weight 64. The experiment 
shows that this contains a mole- 
cular weight of oxygen, 0 2 = 32, 
hence the remainder, 64 -32=32, is the weight of sulphur. But this 
is the atomic weight, hence the formula is S0 2 . 

Sulphur dioxide gas is usually made in the laboratory by heating con- 
centrated sulphuric acid with copper turnings. The acid is also reduced 
when heated with mercury, silver, or charcoal ; reaction with sulphur 
is very slow : Cu + 2 H,S0 4 = 0uSO 4 + SO, + 2H,0 

Hg + 2H,S0 4 = HgS0 4 + SO, + 2H,0 
2Ag + 2H,S0 4 = Ag,S0 4 + SO, 4 2H,0 
C + 2H,S0 4 - 2SO, + CO, + 2H,0 
S + 2H,S0 4 -3S0, i- 2H,0. 

* 

Copper turnings covered with concentrat ed sulphuric acid are heated on 
wire gauze in a flask fitted with a thistle funnel and delivery tube. The 
mixture becomes dark and gas is evolved with effervescence. When this 
. occurs the flame is lowered or removed. The gas is collected by dowii-j, 
' ward displacement or over mercury. It may bo dried by concentrated; 
- sulphuric *acid, calcium chloride, or phosphorus pentoxide, After cooling, 
the residue in the flask may be warrnod with water, and the solution 



Fia. 258. — Volumetric composition of 
sulphur dioxide. 
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Altered, evaporated and sot aside. Deep-blue crystals of copper sulphate 
CuS0 4 ,5H 2 0 (blue vitriol) separate. 

Sulphur dioxide is evolved by the action of acids on sulphites or acid 
{sulphites, e.y. by dropping concentrated sulphuric acid into a concen- 
trated solution of sodium hydrogen sulphite : 

NaHS0 3 + H 2 S0 4 - NaHS0 4 + SO, + H 2 0. 

Sulphur dioxide is also formed in a number of reactions when sul- 
phides or sulphur are exposed to oxidising agents. On the large scale 
the mixture of sulphur dioxide and nitrogen formed by burning sulphur 
or pyrites in air is washed with water and the sulphur dioxide expelled 
from the solution by heating ; the dry gas is then liquefied by com- 
pression. Liquid sulphur dioxide is sold in glass siphons or in steel 
containers. Sulphur dioxide is used in bleaching wool or straw, as a 
disinfectant, in making sulphites for the paper industry, and in making 
sulphuric acid. Liquid sulphur dioxide has been used in purifying 
petroleum products. 

Properties. — Sulphur dioxide is a colourless gas 2{ times as heavy as 
air (normal density 2-9207 gm./lit.), with a suffocating smell well known 
as that of burning sul- 
phur. It is easily li- 
quefied by compression 
(2i atm. at 1 5°) or cool- 
ing to form a colourless 
liquid, b. pt. -10°, sp. 
gr. 1434 at 0°, dielec- 
tric constant 13*75, 
critical temperature 
157-15°, critical pres- 
sure 77*05 atm. The 
liquid dissolves iodine, 
sulphur, phosphorus, 
resins, and some salts. 

The salt solutions con- 
duct the electric cur-, 
rent, so that the solvent has some ionising power. On rapid evapora- 
tion the liquid freezes to a snow-like solid, m. pt. -75-5°^ Sulphur 
dioxide gas is decomposed in a strong beam of light, a cloud being 
formed (Morren, 1870) : 3S0 2 -2S0 3 +S. 

, The liquid is easily prepared by passing the gas into a glass spiral 
immersed in a mixture of pounded ice and salt (Fig. 259), and is collected in 
a Strong tube with the neck drawn off, immersed in a freezing mixture. ’ 
The, neck may be sealed whilst the tube remains cooled. 
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The gas does not support combustion in the ordinary sense, but 
heated potassium burns in it, forming potassium sulphite and thio- 
sulphate : 4K + 3SOa _ k 2 80 3 + K 2 S 2 0 3 . 


Finely divided tin and iron burn in the gas when heated, forming 
mixtures of oxides and sulphides. Pure lead dioxide heated in a bulb 
tube becomes incandescent when sulphur dioxide is passed over it and 
forms white lead sulphate : 

Pb0 2 + S0 2 = PbS0 4 . 

Sulphur dioxide combines in sunlight with chlorine forming sulphuryl 
chloride, a volatile fuming liquid, easily hydrolysed by water (p. 484) : 

S0 2 + 01 2 = S0 2 C1 2 . 

The structural formula of sulphur dioxide is : 

,:0 

sf or S, 

Xx O 0 


the molecule being bent (angle O — S — O — 120°). 

Sulphurous acid. — Sulphur dioxide is freely soluble in water (45 vols. 
to 1 of water at 15° ; 1 vol. of glacial acetic acid dissolves 318 vols. of 
sulphur dioxide at 15°) forming an acid liquid smelling strongly of the 
gas. This probably contains the unstable sulphurous acid H 2 S0 3 , which 
has never been isolated. On boiling all the sulphur dioxide is evolved. 
When the saturated solution is strongly cooled crystals of the hydrate 
S0 2 ,6H 2 0 separate. The solution when heated in a sealed tube at 3 50° 
deposits sulphur : _ 2 H 2 S0 4 + H 2 0 + 8. 

The solution has bleaching properties ; moistened wool, straw for hats, 
and other materials injured by chlorine are bleached on exposure to 
sulphur dioxide or the fumes of burning sulphur. This property 
(mentioned by Pliny) has been explained by two theories : (i) the for- 
mation of colourless addition compounds of sulphur dioxide with the 
colouring matters, or (ii) the reduction of the colours to colourless com- 
pounds, possibly by nascent hydrogen : 

S0 2 + 2H 2 0 = H 2 S0 4 + 2H. 

A dilute fuchsine (“ magenta ”) solution is bleached by sulphur dioxide, 
but on boiling the colour is restored. Red roses may be bleached by wetting 
them and suspending in a bell -jar over burning sulphur ; on dipping the 
flowers into dilute sulphuric acid the colour is restored. 


Sulphurous acid solution is slowly oxidised by atmospheric oxygen to 
sulphuric acid : 2H2 S0 3 4 0 2 = 2H 2 S0 4 , 
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but the rate of oxidation is much reduced by adding glycerol, phenol, 
mannitol, benzaldehyde, or (especially) stannous chloride. 

Titoff (1903) concluded that in perfectly pure water no oxidation would 
occur ; oxidation is due to traces of iron and copper salts in all water, which 
act as catalysts. Even J gm. atom of 0u“ in 10 12 ml. exerts an appreciable 
influence. Organic? substances may form complex compounds with the 
metal ions; their action as negative catalysts may consist in their capability 
of destroying the positive catalysts (Cu“, etc.). Another explanation is that 
negative catalysts break the “ chains ” of molecules produced by activation 
in a reaction (p. 216). 

Sulphurous acid and sulphites are reducing agents ; they liberate 
iodine from iodic acid or an iodate : 

2KI0 3 + 5S0 2 -i 4H 2 0 * I a + 2KHS0 4 4- 3H 2 S0 4 . 

The titration of the liberated iodine is a means of estimation of S0 2 in 
flue-gases or sulphites in solution. With excess of sulphur dioxide the 
iodine is reduced : - + go, + 2H 2 0 ~2HI 4 H 2 S0 4 . 

Sulphur dioxide decolorises a neutral solution of potassium perman- 
ganate : 2 KMn0 4 + 5S0 2 + 2H 2 0 - K 2 S0 4 + 2MnS0 4 + 2H 2 S0 4 . 

A piece of paper dipped in acidified potassium dichromate solution 
(yellow) becomes green in sulphur dioxide : 

2Cr0 3 f 3S0 2 = Cr 2 (S0 4 ) 3 . 

Sulphurous acid solution evolves hydrogen with magnesium. Sulphur 
dioxide and sulphites are reduced to hydrogen sulphide by zinc and 
hydrochloric acid ; they precipitate stannic sulphide from a solution of 
stannous chloride in hydrochloric acid, and mercury from a solution of 
mercurous nitrate : 1 

6SriCl 2 + 8HC1 + 2S0 2 = 5SnCl 4 4 SnS a + 4H 2 0 
2HgN0 3 + S0 2 4- 2H 2 0 - 2Hg + 2HN0 3 4- H 2 S0 4 . 

Sulphites. — Sulphurous acid is dibasic and forms two series of salts, 
which theoretically would have the formulae MHS0 3 and M 2 S0 3 : 

2NaOH 4- S0 2 = Na 2 S0 3 + H a O 
Na 2 S0 3 4- H 2 0 + S0 2 - 2NaHS0 3 . 

Divide a solution of sodium hydroxide into two equal parts. Saturate 
one with S0 2 producing a solution of sodium hydrogen sulphite Na,HSO s . 
This is acid ow ing to the reaction : HS0 3 ' b0 3 4- H . Mix this with the 

other half of the alkali and evaporate. Crystals of normal sodium sulphite 
Na 2 S0 s ,7H 2 0 separate on cooling. 

Sodium sulphite forms a slightly alkaline solution owing to hydro- 
lysis : S0 3 " + h 2 0 ^ HS0 3 ' 4- OH'. 
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Solutions of sulphites give a white precipitate of barium sulphite, soluble 
in^ hydrochloric acid , on addition of barium chloride : 

Ba‘ ‘ + SO./' = BaSO s . 

If chlorine- or bromine- water is added, a white precipitate of barium 
sulphate, insoluble in hydrochloric acid , is formed : 

SO;/' + H 2 0 + Cl 2 = S0 4 " + 2C1' + 2H\ 

If a solution of sodium hydrogen sulphite is evaporated with excess 
of sulphur dioxide, or if sulphur dioxide is passed over crystals of 
sodium carbonate monohvdrate Na 2 C0 3 ,H 2 0, the solid sodium disulphite 
(pyrosidphite or metabisul phite) Na 2 S 2 O r) (i.e. Na 2 0,2S0 2 ), used in photo- 
graphy, is formed. On heating dry sodium sulphite the sulphate and 
sulphide are formed : 

4Na 2 R0 3 « Na 2 S i-3Na 2 80 4 . 

The disulphite on heating first decomposes into Na 2 80 3 and S0 2 , and the 
Na 2 S0 3 then decomposes as above. The simple acid sulphites e.g. 
NaHS0 3 do not appear to exist in a solid form : the commercial solid 
“ bisulphite ” is probably mostly Na 2 S 2 0 5 . The sulphites of calcium 
Ca80 3 ,2H 2 0, strontium SrS0 3 , and silver Ag 2 80 3 are white and in- 
soluble ; cuprous sulphite Cu 2 S0 3 is red and insoluble. Magnesium, 
zinc and cadmium sulphites, MgR0 3 ,6H 2 0, Zn80 it ,f>H 2 0, and CdS0 3 , 
H 2 0 arc white and sparingly soluble. 

Thionyl chloride. — If sulphur dioxide is passed over phosphorus 
pentachloride, a liquid is formed which on fractional distillation is 
separated into thionyl chloride SOCl 2 (b. pt. 78 ) and phosphorus 
oxychloride POOL, (b. pt. 107°) : 

S0 2 4 PC] 5 = SOCJ 2 4 P0C1 3 . 

Thionyl chloride is also formed by the addition of sulphur to chlorine 
monoxide at -12° : 01 2 0 \ S-S001 2 . It is manufactured by adding 
sulphur trioxide to sulphur chloride at 75°-80°, and passing a stream of 
chlorine into the mixture to reconvert the separated sulphur into 
sulphur chloride : 

S0 3 + S 2 C1 2 ==80C1 2 fS0 2 + B. 

Thionyl chloride is the chloride of the bivalent thionyl radical, 
— SO — . It is a colourless liquid, sp. gr. 1-677 at 0°, which fumes in 
moist air and is decomposed by water, forming hydrochloric and 
sulphurous acids ; it is an acid chloride, i.e. sulphurous acid with 
univalent hydroxyl replaced by chlorine : 

y Cl HOH /OH HC1 

SO< + =SO<; 4 - ^ S0 2 4 H 2 0 4 2HC1. 

\ci HOH H)H HC1 

A general method of preparation of an acid chloride is by the action 
of phosphorous pentachloride on the acid, when the acid chloride, 
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phosphorus oxychloride (POCl 3 ) and hydrogen chloride are formed. 
In the present case the acid anhydride (sulphur dioxide) is used, and 
hydrogen chloride is not formed. 


Thionyl bromide SOBr 2 , a red liquid, b. pt. 59°/40 mm., is formed by 
acting on SOCl 2 with gaseous HBr : SOC1 a + 2HBr = SOBr a + 2HC1. Thionyl 
chlorobroinide SOCIBr was said by Besson also to be produced in this 
reaction, but Mayes and Partington (192<i) were unable to confirm this. 
Thionyl fluoride SOF t is a colourless gas obtained by heating SOCI 2 and 
arsenic fluoride AsF, : 2AsF, 4 3^001,=.- 2AsCl, 4 3SOF 2 . It boils at - 32°. 
Gaseous thionyl chlorofluoride S0C1F is formed from SOCl 2 , »SbF s and SbCl 6 . 

The constitution of sulphurous acid. — The formation of sulphurous 
acid by the action of water on thionyl chloride suggests that it has the 
symmetrical formula HO.SO.OH. By the action of thionyl chloride on 
alcohol symmetrical diethyl sulphite EtO.SO.OEt, b. pt. 101°, is formed. 

By the oxidation of mercaptan EtSH with dilute nitric acid ethylsulphonic 
acid EtSOgll, is formed, tlie ethyl ester of which, EtS0 3 Et, is obtained by 
the action of sodium sulphite on ethyl iodide. In the sulplionic acid the 
ethyl group is directly attached to sulphur, as in mercaptan. Sulphurous 
acid, therefore, behaves as if it had two formulae, the symmetrical 
HO.SO.OH, and the unsymirietrical H«SO,.OH (sulphonic acid). 

The symmetrical formulae of sulphurous acid arid thionyl chloride may be 
written as : 


X)H 

: O * K ; O 0 H or Oc-Skf 

Q- OH anil 

« 0 
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:C1: 
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or (more probably) with 4-valent sulphur : 
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The unsymmetrical formulae for sulphurous acid and a sulphonic acid 
(R — Et, etc.) may be written : 


.. x°x’ H — 0\ 71 O .. x°x' H — 0\ TiO 

H •„ 0 * x S » H or S and 11 ' O ; S ; R or X S 

* 0 \ H/ \o • r/ \o 


or (more probably) with 6-valent sulphur : 
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Although the carbonate, nitrate, and sulphite ions, CO/', NO*', and 
SO*", may be given similar formulae : 


: O: 


: 0: 

X . 


XX 

e * : o 


N * :0 

X 

: 0 : 


: 0: 

.. 


L _ 


: O : 


X • 



the CO*" and NO a ' ions are piano triangles with oxygons at the corners, 
whilst the SO," ion is a pyramid with S at the vortex. Thionyl chloride is 
also pyramidal. (The sulphur trioxide molecule SO* is an equilateral plane 
triangle.) The disulphite ion has the structure — 0,S — -SO,— : 


O 


\ 


-o 


✓ o- 

S--S' o 

% 


and not — 0*S — O — SO* — as might have been expected from its (hypo- 
thetical) formation from 2 1 1, SO,- — H ? G. 


Sulphur Trioxtde 

Sulphur trioxide is formed by the direct union of gaseous sulphur 
dioxide with ozone (Brodie) 3SO*, f 0 :{ =■ &S0 3 . It is prepared by 
passing a mixture of sulphur dioxide and oxygen over a catalyst such 
as heated platinised asbestos : 2SO a -I- 0 2 ^ 2S0 3 . 

Sulphur dioxide and oxygen gases are passed through sulphuric acid 
in a wash bottle to dry them and then over dry platinised asbestos 


SULPHUP 

DIOXIDE 



Fig. 260.— Preparation of sulphur trioxide. 

heated in a hard glass tube. Sulphur trioxide is produced which con- 
denses to colourless crystals in a dry test-tube cooled in a freezing 
mixture (Fig. 260.) 

A state of equilibrium is set up since the reaction is reversible and; 
excess of oxygen favours the production of the trioxide by mass action : 

POJ/IBOJIOJ-Z. 
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If the [0 2 ] concentration is increased, the [S0 3 ] concentration must 
increase and maintain K constant. 

Other catalysts such as ferric oxide and vanadium pentoxide can be 
used instead of platinum, but the temperature must then be higher, and 
since the reaction 2S0 2 h 0 2 =*2S0 3 is exothermic, Le Chatelier’s prin- 
ciple (p. 295) shows that the equilibrium yield of S0 3 must be smaller at 
higher temperatures. At lower temperatures the reaction is too slow. 

At 450°, 2 per cent of pure S0 3 is decomposed, at 700°, 40 per cent. In a 
mixture of S0 2 and air, obtained by burning pyrites, containing by volume 
7 per cent of S0 2 , 1 0*4 per cent of 0 2 , and 82 0 per cent of N 2 , the percentages 
of S0 2 oxidised to >S0 3 in equilibrium are : at 434°, 99 ; at 550°, 85 ; at 
045°, 60. The change 2S0 2 + 0 2 - 2iS0 3 -f 45 k. cal., does not proceed in 
presence of platinum at an appreciable rate below 400°, on account of the 
slowness of reaction at lower temperatures. The two conflicting effects of 
temperature on the yield are balanced in practice by working at 400°-450°, 
which is the optimum temperature with platinum as, a catalyst, and using 
excess of oxygen in the form of air. 

Sulphur trioxide is produced by heating concentrated sulphuric acid 
with a large excess of phosphorus pentoxide : 

H 2 S0 4 + P 2 0 5 - S0 3 + 2HP0 3 , 

or most conveniently on the small scale by distilling fuming sulphuric 
acid in a retort and collecting the sulphur trioxide in a perfectly dry 
receiver cooled in a freezing mixture : 

h 2 s 2 o 7 ^ H 2 S0 4 h so 3 . 

Sulphur trioxide was first made in this way by Bernhardt in 1755. 

Sodium hydrogen sulphate at 300° forms sodium disulphate and 
this evolves sulphur trioxide at a bright-red heat : 

2NaHS0 4 - Na 2 S 2 0 7 + H 2 0 ; Na 2 S 2 0 7 - Na 2 S0 4 + S0 3 . 

Sulphur trioxide is evolved on heating ferric sulphate : 

Fe 2 (S0 4 ) 3 = Fe 8 0 3 + 3S0 3 , 
or dry ferrous sulphate : 

2FeS0 4 = Fe 2 0 3 + S0 3 + S0 2 . 

Sulphur trioxide exists in more than one modification. The liquid, b. pfc. 
44-52°, first flamed in the cooled tube solidifies on cooling to transparent 
crystals, rn. pt. 1 6-85°, sp. gr. 1-9255 at 20°, called a-S0 3 ; these on standing 
(at least in presence of a trace of moisture) soon form silky asbestos-like 
crystals of jS-S0 3 , and there may be two forms of this, m. pts. 32-5° and 62-2°, 
At 50° jS-S0 3 slowly changes into a-S0 3 . 

The vapour density of sulphur trioxide corresponds with the formula 
S0 3 . When passed through a red-hot tube the vapour is decomposed, 
giving 2 vols. of S0 2 and 1 vol. of 0 2 which do not recombine on cooling 
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in the absence of a catalyst : 2S0 3 = 2S0 3 4 - 0 2 . In this way the com- 
position and formula may be found. The solid absorbs moisture from 
the air with avidity, giving off dense white fumes of droplets of sul- 
phuric acid : H 2 0 + S0 3 =- H 2 S0 4 . It dissolves in water with a loud 
hissing noise and great evolution of heat, but dissolves readily and 
quietly in concentrated sulphuric acid ; the fuming sulphuric acid so 
obtained solidifies on cooling to colourless crystals of disulphuric acid 
H 2 S 2 0 7 > m. pt. 35°. Sulphur trioxide reacts violently with baryta, the 
mass becoming incandescent : S0 3 + BaO =BaS0 4 . 

The contact process. — Sulphuric acid and fuming sulphuric acid are 
made by the so-called “ contact ” process, in which sulphur dioxide and 
oxygen (in the form of air) combine to form suljihur trioxide in presence 
of a catalyst. The apparatus is very compact as compared with the 
lead chamber plant. When platinum is used as a catalyst the gases 
must be carefully purified, since otherwise the platinum loses its 
activity or is “ poisoned ”. Arsenious oxide, sulphuric acid fog, and 
dust in the gases from pyrites burners are removed by introducing 
steam and cooling, then filtering the gas through coke wetted with con- 
centrated sulphuric acid until no fog is seen in a powerful beam of light 
(“ optically clear ” gas). 

In the Badische process the purified gas is passed through an iron 
converter (Fig. 261) with vertical iron tubes packed with platinised 



(*f nitrogen) 
Fig. 261. — Badische 
converter. 



Fig. 262. — Schrtfder- 
Grillo converter. 


asbestos. Twice the theoretical amount of oxygen (in the form of air) 
is present in the gas, which is pre-heated to start the reaction. By 
letting part of the incoming gas sweep over the outside of the hot tubes 
in which reaction occurs no external heating is needed, since heat is 
evolved and the process goes on continuously. In modem plants a 
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preparation of vanadium pentoxide supported on silica granules, or 
platinised silica gel, are used as catalysts ; they are immune to arsenic 
poisoning. 

In the SchrCder-Grillo process tho catalyst is prepared by moistening 
Epsom salt MgS0 4 ,7H 2 0 with a solution of platinum chloride and heating 
in presence of sulphur dioxide. The salt loses water and swells up to a 
voluminous contact mass on which the platinum is very finely divided. 
This is put on shelves in iron converters, lagged outside (Fig. 262), and when 
the process is started it goes on without external heating. 

The Mannheim process utilises burnt pyrites (Fe 2 G 3 and a little CuO) as 
the contact mass. This is filled into a rectangular tower, the lower part of 
which communicates with four pyrites burners arranged in a + , to which 
air dried in a sulphuric acid tower 
is supplied (Fig. 263). The hot 
gases pass directly to the iron 
oxide shaft, and on account of the 
higher temperature only about 60 
per cent of the S0 2 is converted 
into S0 3 . The arsenious oxide in 
the burner gases is kept back in 
the oxide of iron as ferric arsenate, 
and after tho S0 3 has been ab- 
sorbed from the exit gas by sul- 
phuric acid, the gas is filtered 
through scrubbers of coke soaked in concentrated sulphuric acid, reheated, 
and passed to a Tentoleff converter to finish tho conversion. 

The Tenteleff process utilises a catalyse composed of asbestos “sponge- 
cloths ” which aro platinised by being soaked in platinic chloride solution 
and the latter reduced by formaldehyde. These are superimposed in an 
iron frame, 3 ft. by 2 ft., interposed in tho gas current. The tomperature 
is 450°-500°. 

The sulphur trioxide cannot be absorbed from a converter gas by 
passing through water, as a dense fog of minute droplets of H 2 S0 4 is thus 
formed, which cannot bo condensed. The gas is therefore passed into 
97-99 per cent sulphuric acid in iron towers ; the concentrated acid 
rapidly absorbs the S0 3 , producing fuming sulphuric acid or oleum ; or if a 
regulated stream of water is admitted, the 97-99 per cent acid is con- 
tinuously increased in quantity by the reaction S0 3 + H 2 () - H 2 S0 4 occurring 
in the liquid acid. 

With a vanadium pent-oxide catalyst, the main part of the conversion is 
carried out at a higher temperature, but in the gas passing to the upper 
part of the catalyst mass, whore the temperature is lower, the remaining 
sulphur dioxide is converted into trioxide. 

In some plants tho sulphur dioxide is produced by heating a mixture of 
native calcium sulphate, coal, and coal ash (containing silica and alumina) 
in a cement furnace, in which cement clinker is formed : 

2CaS0 4 -i C + (.rSiO a 4 //Al 2 0 3 ) - 2KO t i C0 2 + (2CaO, *Sit) 2 , i/Al a 0 3 ). 

The gas is purified and dried ; the presence of carbon dioxide does not 
interfere with the conversion of S() 2 into SO.,. 
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Fuming sulphuric acid is an oily liquid, often coloured brown by 
organic matter but colourless when pure, which emits thick white fumes 

in moist air. It may be kept in mild 
steel drums, but cracks cast iron (which 
resists the action of ordinary concentrated 
sulphuric acid). It is made with different 
contents of free S0 3 , i.e. S0 3 in excess of 
the amount required to form H 2 S0 4 . The 
strongest product contains 00 per cent of 
free SO n , and emits very dense fumes. 
The hydrates H 2 0,S0 3 (H 2 S0 4 , or mom- 
hydrate, m. pt. 10-49°) ; H 2 S0 4 ,H 2 0 or 
S0 8 ,2H 2 0 (m. pt. 8-62°) ; H 2 0,2S0 3 or 
H 2 S 2 0 7 (disulphuric acid, m. pt. 35°) ; 
H 2 80 4 ,2H 2 0 (m. pt. - 38-9°), and H 2 S0 4 , 
4H 2 0 (m. pt. -29°) are known. Acids 
containing more than 60 and less than 
40 per cent of free SO., are liquid at 
the ordinary temperature, the others are 
solid. Oleum may be added to ordinary sulphuric acid to increase its 
concentration. 

The four hydrates of S0 3 , viz. H 2 S0 4 ,4H 2 0, H 2 S0 4 ,2H 2 0, H 2 S0 4 , 
and H 2 S 2 0 7 , are shown as maxima on the freezing-point, curve (Fig. 264). 

SuLPHumc Acid 

History. — Sulphuric acid or oil of vitriol was obtained by the alchemists 
by distilling green vitriol (ferrous sulphate) : 

2FeS0 4 " Fe 2 0 3 f S0 2 f- »S0 3 . 

In 1666 Lo F e vre obtained the acid by burning sulphur in presence of 
moisture; Lcmery in 1675 made it by burning a mixture of sulphur 
and nitre over a dish of water under a glass bell, and a small works using 
this process was established in 1740 by Ward at Richmond. The acid 
obtained was called oil of vitriol per campanam. Roebuck in 1746 in 
Birmingham, and in 1749 at Prestonpans, replaced the fragilo glass vessels 
by lead chambers 6 ft. wide, and these were enlarged in later works. A 
continuous process in wdiich the sulphur dioxide was produced from sulphur 
in separate burners and admitted with nitrous fumes, air, and steam to the 
chambers was introduced by Holker into the Froneh works of Chaptal in 
1810. The use of pyrites and the invention of the Gay-Lussac (1827) and 
Glover ( 1 859) towers led to the modern industry. The chamber process has 
been considerably improved and is still very largely used for making 
ordinary (not fuming) sulphuric acid. 

Occurrence. — Free sulphuric acid occurs in traces in rain water of 
towns where coal (containing sulphur compounds) is burnt, and in 
gome rivers and springs which have been in contact with beds of pyrites ; 

2FeS ? + 70 2 + 2H ? 0 = 2FeS0 4 + 2H ? SO|. 


°c. 



Fig. 264. — The system sulphur 
trioxido-water. 
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In combination as sulphates it forms common minerals, e.g . 
CaS0 4 ,2H 2 0, BaS0 4 , and PbS0 4 . 

Preparation. — Sulphuric acid is formed from sulphur trioxide and 
water : S0 3 + H 2 0 ~H 2 S0 4 . Moist flowers of sulphur exposed to air 
slowly oxidise to sulphuric acid. Sulphurous acid solution oxidises 
slowly when exposed to air: 2H 2 80 3 + 0 2 = 2H 2 S0 4 . Oxidation is 
more rapid when hydrogen peroxide is shaken in a jar of sulphur 
dioxide : S0 2 + H 2 0 2 ~H 2 S0 4 , or when chlorine water, bromine water 
or nitrous acid is added : 

H 2 S0 3 + H 2 0 f 01 2 » H 2 S0 4 + 2HC1 
S0 2 + 2H NO a H 2 80 4 2NO. 

The lead chamber process. — Sulphuric acid is manufactured by the 
lead chamber process. The reactions in the lead chamber occur be- 
tween sulphur dioxide, oxygen (air), steam (or w r ater-spray), and 
oxides of nitrogen (“ nitrous fumes ”). Clement and Desormes in 1806 
discovered an intermediate compound in the reaction, viz. nitrososulphuric 
acid ( u chamber crystals ”), i.e, sulphuric acid H0*S0 2 0H in which 
one H is replaced by the nitroso-group NO, giving H0S0 2 0*N0. It 
may be formed and decomposed alternately in the chambers : 

2S0 2 4- (N0 2 4 NO) i O, i H 2 0 -2S0 2 (0H) 0 N0 * 
2S0 2 (0H )ONO 4- H 2 0 - 2H 2 S0 4 + N0 2 4- NO. 

The nitrous gas or mixture N0 2 ^ NO therefore acts in a cyclic manner 
as a catalyst. 

A simpler explanation assumes that sulphurous acid* is oxidised to 
sulphuric acid by nitrogen dioxide, and the nitric oxide formed is then 
reoxidised by atmospheric oxygen : 

H 2 S0 3 4- N0 2 = H 2 S0 4 -f NO 
2NO 4- O a — 2NO a . 

Lunge and Berl (1906) assumed the formation of a hypothetical acid 
H,SN0 5 (p. 561): 

SO, I- NO* 4 H..O H 4 »SNO, 

4H 2 SN0 5 4 () 2 - 4S0 2 (0H) 0 N04 2H 2 0 
2H.,KN0 5 4* NO, = - 2S0 2 (OH)*ONO i NO f I1 2 0 
2S0*(0H)“0-N0 + H a 0 = 2H 4 S0 4 t N0 2 4 NO 

Raschig (1887) supposed that H 2 SN(.) 5 is formed by the action of nitrous 
acid : 

S0 2 4 2HN0 2 - H 2 8N0 5 4 - NO 
H 2 SN0 6 : H 2 SO, 4 - NO. 

The lead chamber reactions may be illustrated by the following 
experiment. 

* Sulphur dioxide in absence of water is not oxidised to sulphur trioxide by 
NO a but undergoes a different- reaction ; according to Michaelis (1874) and 
M&nchot (1929) nitrosyl disulphate (N0) ? S ? 0 7 is formed. 
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A dry 6-litre flask A (Fig. 266) is fitted with tubes as shown. Three of the 
tubes are connected with wash-bottles containing concentrated sulphuric 

acid. One of these is 
connected with a siphon 
of liquid 80 2 , one to a 
gas - holder containing 
oxygen, the third to a 
gas - holder containing 
nitric oxide, and the 
fourth with a small flask 
B containing water 
which may be heated, 
and through which oxy- 
gen may bo bubbled. A 
stream of dry oxygen is 
first passed through A . 
Nitric oxide is then 
passed in and forms red 
higher oxides of nitrogeny 
Sulphur dioxide is then passed in at the same rate as the nitric oxide and 
after a short time a current of oxygen is passed through the hot water in B 
to carry moisture into the globe. Colourless star-shaped crystals of nitroso- 
sulphuric* acid form on the inside of the globe and the colour of the gas 
becomes paler. The gas is swept out by a rapid current of oxygen 
and the wator in B is boiled. When the steam comes in contact with 
the crystals they dissolve with effervescence, producing red oxides of 
nitrogen and fairly concentrated sulphuric runs down to the bottom of the 
flask. If insufficient water is used in the first stage, a white powdery 
deposit is formed which gives purple drops in contact with steam. 



Fig. 265. — Experiment illustrating the chamber 
process. 


On the large scale (Fig. 266) iron pyrites is burnt in brick furnaces 
called pyrites burners, the grates of which are composed of separate 



Fig. 266. — Sulphuric acid chamber plant (diagrammatic), 


square bars which can be turned on their longitudinal axes so as to drop 
the burnt ore into the ashpits. The supply of air is carefully regulated 
by sliding doors above and below the bed of pyrites. Each furnace 
holds 3-5 tons of ore, and they are arranged in sets of 20-25, with a 
communicating flue for each set of chambers. The daily charge for 
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furnace is 750-1000 lb. of pyrites. Pyrites powder or “ spent oxide ” 
(p. 450) is burnt in kilns consisting of ir6n cylinders lined with firebrick, 
with a series of shelves so arranged that the ore is raked from shelf to 
shelf until the^burnt, ore is discharged at the bottom. The rakes are 
actuated by a revolving air- or water-cooled central shaft. Sulphur is 
burnt in large inclined rotating cylinders or other type of special burner. 

The burner gas (7 per cent of SO.,, lo per cent of O.,, 83 per cent of N 2 ) 
passes to a dust-catcher containing bailie- walls, and then through a 
nitre-oven in which pots containing sodium nitrate and sulphuric acid 
are placed. These supply the oxides of nitrogen lo make up losses from 
the plant. About 3 parts of NaNO^ per 100 parts of sulphur burnt as 
pyrites are used. In modern plants, the oxides of nitrogen are supplied 
by the oxidation of ammonia (p. 540). 

From the nitre-oven the hot gases at 300° 400° pass into the Glover 
tower, a squat lead tower 20 to 30 ft. high and 0 to 8 ft. diameter lined 
with acid-resisting bricks and packed with Hints resting on an arch.* 
Down this tower two streams of acid pass from tanks at the top, one of 
acid (05 to 70 per cent H 2 S() 4 ) from the load chambers and the other of 
stronger acid (78 per cent H.>S() 4 ) containing oxides of nitrogen (in the 
form of nitrososulphuric acid) from the Gay-Lussac tower. The functions 
of the Glover tower are : (a) to cool the burner gases to 50°-80° before 
they enter the chambers , (b) to denitrate the acid from the Gay-Lussac 
towvr by dilution with chamber acid and heating, and by reaction with 
sulphur dioxide , (r) to concentrate the chamber acid to about 78 per 
cent H 2 S() 1 for sale or tor use m the Gay-Lussac tower, and at the same 
time provide part of the steam for the chambers. About 25 per cent of 
tlu 1 total acid made is formed by reactions in the Glover tower. 

From the Glover tower the gases pass bv a lead main to the set of three 
or more large lead chambers, constructed of sheet lead weighing 0 8 lb. 
per sq. ft. The chambers are oblong or square in shape and dip into 
large lead trays with a seal of acid. They are suspended from a wooden 
or iron frame by lead straps on the sides. All joints in the lead sheets 
are autogenous! y welded by a hydrogen flame. The capacity of each 
chamber is 25,000 75, (KM) cu. It. and they arc connected by wide lead 
pipes. Drum-shaped or polygonal (“ Mills -Packard ") chambers some- 
times cooled by water flowing over the outside, or even packed towers, 
are used in some modern plants, blit adequate empty space is necessary 
for the reoxidation of NO, which is rather slow r and hence towers are 
often combined wflth chambers. 

Steam or more usually a fine spray of liquid water from several jets 
in the roof is blown into the chamber Sulphuric acid is produced in 
the form of a fog of small drops which settle (low n as liquid chamber acid 
(05-70 per cent H 2 S0 4 ) on the floor of the chamber. 

The gases from the last chamber contain nitrogen, a little oxygen, 
most of the oxides of nitrogen in circulation through the plant, and a 
trace of sulphur dioxide. They pass to the Gay-Lussac tower, a lined 
lead tower 40 to 00 ft. high and 8 to 15 ft. diameter, packed with hard 
coke or pieces of flint and fed w r ith cold (Mover tower acid (78 per cent 
H a S0 4 ). Its function is to recover the oxides of nitrogen in the exit 
gases from the chambers. These are absorbed producing nitrous vitriol 
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containing nitrososulphuric acid equivalent to 1 to 2 per cent of N 2 0 3 , 
which is pumped to the Glover tower for denitration. The waste gas 
from the Gay-Lussac tower passes to a chimney or fan which maintains 
a draught through the whole system. In modern practice a high con- 
centration of oxides of nitrogen ( <? circulating nitre ”) with adequate 
absorption capacity in the Gay-Lussac towers is used, and the reaction 
proceeds rapidly but with greater wear of the lead chambers. The con- 
version of S0 2 to H 2 S0 4 reaches 98 per cent. 

Concentration of sulphuric acid. — The acid from the Glover tower 
contains about 78 per cent of H 2 S0 4 . It is generally dark coloured 
from contact with organic matter and is called “ brown oil of vitriol ” 
(B.O.V.). It is sufficiently concentrated for some commercial purposes, 
e.g. for making superphosphate of lime or salt-cake, but for others it must 
be further concentrated to form “ rectified oil of vitriol ” (R.O.V.) con- 
taining 93 to 95 per cent of H 2 S0 4 . 
This concentration was formerly 
earrried out by heating the acid 
in glass or platinum retorts, when 
vapours of weak acid come off and 
more concentrated acid remains. 
The concentration is now carried 
out in special apparatus. 

A simple type is the cascade process, 
in which the acid is allowed to flow 
down a series of silica or ferro-silieon 
dishes arranged one above the other 
with the spout of one discharging 
into the basin next lovror, the whole 
resting on a kind of staircase of acid- 
resisting bricks. The acid is heated 
by a flue below and hot air sweeps 
over its surface. From the last dish, 
which may be of cast iron, the acid 
flows to a cooler. 

In the Kessler apparatus the acid 
flows through a dish S of Volvic stone 
(a natural acid-resisting material of 
volcanic origin, found at Puy-de- 
Dome) covered outside with load, 
through which hot gas from a coke 
furnace passes (Fig. 207). The dish 
has ridges b so as to bring the acid and 
fire-gas into intimate contact. The 
concentrated acid runs off to a cooler. 
The fumes pass through a tower R containing a number of plates with per- 
$ forations covered with inverted cups, down which the acid to be concen- 
trated is fed. Much of the fume is here condensed, and the temperature is 



Fia. 267. — Kessler apparatus for con- 
centrating sulphuric acid. 
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kept at such a point that steam escapes but the sulphuric acid remains. 
The issuing fumes then pass through a lead box packed with graded coke 
drenched with concentrated sulphuric acid, which takes out the fine mist 
of acid droplets. In Amorica, hot gases from a burning spray of potroleurn 
are bubbled through the acid. 

The Gaillard tower (Fig. 208) consists of an empty tower of Volvic stone 
or acid-resisting brick, from the top of winch a fine spray of acid is dis- 
charged. In passing down the tower this spray 
meets a current of hot gas from a coke furnace, 
which enters the tower at the side near the 
bottom. The acid fumes pass through a smaller 
empty load tower called a recuperator, down 
which part of the acid to bo concentrated is 
sprayed, and thou to coke filters drenched with 
concentrated sulphuric acid. The concentrated 
acid runs out to a cooler from a lead tray in 
which the tower stands. 

The acid fumes from concentrators may be con- 
densed by means of electrostatic precipitation. 

They are passed through a chamber in which 
lead plates are hung, with lead covered bars 
hanging vertically between them. Those arc 
charged to a potential of 20,000 volts. The acid 
droplets are attracted to the plates and the liquid deposited on the latter 
runs off to collecting tanks to ho returned to the concentrators. 



Kio. 2(>8. -Gaillard towor. 


More concentrated acid (97 -98 per cent of H 2 S0 4 ) is made by heating 
93-95 per cent acid in pans by direct fire. The strongest acid does not 
attack cast-iron, whilst 93-95 per cent acid dissolves it. The acid is 
run in a thin stream on to the surface of a large bulk of 98 per cent acid,, 
boiling in a large east-iron pot provided with a siphon neck opening 
into it near the bottom. The strong acid is run otY continuously from 
this “ swan -neck ” as concentration proceeds. The acid may also be 
brought to any desired strength by the addition of oleum (sulphuric 
acid containing free S0 ;J ). 

(Most of the sulphuric acid is used (as chamber acid) for super- 
phosphate manufacture ; next important is the use of concentrated 
acid for petroleum refining. The rest is used for chemicals, refining coal 
products, in metallurgical processes, making artificial silk and ex- 
plosives (when fuming acid is often used), in storage batteries, etc. 
Some processes which formerly used sulphuric acid (e.g. making nitric 
and hydrochloric acids) are now often carried on without it/ 

The purification of sulphuric acid. — Commercial sulphuric acid often 
contains arsenic trioxide Ah 2 0 3 in solution, derived from the arsenic in 
the pyrites. It is purified with hydrogen sulphide in lead towers or 
closed agitators. The precipitate of arsenic sulphide As 2 S 3 is filtered by 
suction through unglazed earthenware plates, or is removed by flotation; 
a little paraffin added to the liquid floats to the surface and carries the 
precipitate with it. Acid made from sulphur (* k brimstone acid ”) is 
preferred for the preparation of foods and for lead accumulators (in 
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which acid free from iron salts is essential), although purified acid from 
pyrites is also used. 

Oxides of nitrogen may be removed by strongly heating with a small 
quantity of ammonium sulphate : 

N t 0 3 (NH 4 ) 2 S0 4 - 2N 2 4 H 2 S0 4 4- 3H 2 0. - 

The commercial acid usually contains lead sulphate, most of which is 
deposited on dilution with water. 

Properties of sulphuric acid. — Pure sulphuric acid (monohydrate) is 
prepared by adding the requisite amount of S0 3 to 98 per cent acid. It 
is an oily liquid which fumes slightly in air, from dissociation in the 
liquid : 

H 2 S0 4 ^S0 3 + H 2 0. 

This dissociation increases on heating and the vapour is richer in S0 3 
than the liquid. It is therefore impossible to obtain the pure acid by 
the ordinary concentration process. On boiling, an acid of constant 
composition (98*3 per cent H 2 S0 4 ) comes over at a temperature of 338°, 
which is usually given as the boiling point of sulphuric acid. The 95 
per cent acid boils at 295°. The ordinary acid (98 per cent H 2 S0 4 ) is a 
colourless oily liquid of density 1-84, which does not fume. 

Concentrated sulphuric acid is very corrosive and has a strong 
affinity for water ; when mixed with water much heat is given out and 
the liquid may boil ; the acid should always be added to the water in a 
thin stream with stirring, never the water to the acid. The diluted acid 
occupies a smaller volume than its constituents and the contraction is 
a maximum for H 2 S0 4 * 2H 2 0 If the acid is mixed witli snow, cold 
is produced, as the latent lieat of fusion of ice exceeds the evolution of 
heat on mixing the acid with liquid water. 

The large evolution of heat and the contraction on mixing sulphuric acid 
and water point to a chemical change and many properties show maximum 
or minimum values at approximately whole molecular ratios of acid and 
water. This has been taken to imply definite hydrates m the liquid state, 
but the maxima and minima occur at different values for different properties : 
contraction (maximum, H 2 S0 4 ,2H 2 0), viscosity (max. H 2 S0 4 ,H 2 0 and 
H 2 S 2 t> 7 ; min. 31f 2 S0 4t H 2 0), surface tension (max. H 2 S0 4 ,3H 2 0), com- 
pressibility (min. H 2 K0 4 ,H 2 0), index of refraction (max. ti 2 S0 4 ,H 2 0 and 
H 2 S0 4 ,2H 2 0), electrical conductivity (max. H 2 S0 4 ,H 2 0), and heat of 
solution (max. H 2 S0 4 ,2H 2 0). 

The density of pure sulphuric acid at 15° is 1-8384, those of mixtures 
of the acid and water at 15° and of fuming sulphuric acid (“ oleum ”) 
containing free sulphur trioxide arc given in the table. The 97-7 per 
cent acid has a maximum density of 1-8414, and the density of oleum 
is a maximum for 60 per cent of free H0 3 . 
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StriiPHume 

Acid 


Ole rw 

0*SO 4 pc. 

Density 

H 4 S0 4 p.c*. 

Density 

Free SO-, p 

Density 

10 

10001 

00 

l 5024 

10 

1 888 

5 

10332 

65 

1 -5578 

20 

1 920 

10 

1-0081 

70 

1*0151 

30 

1-957 

15 

1 • 1 045 

75 

107 40 

40 

1-979 

20 

1-1424 

80 

1-7324 

50 

2-009 

25 

1*1810 

85 

1-7841 

00 

2-020 

30 

J 2220 

00 

1 8198 

70 

2-018 

35 

1*2030 

95 

1-8388 

SO 

2-008 

40 

1-3005 

97 

1-8414 

90 

1*990 

45 

1-3514 

98 

1-841L 

100 

1-984 

50 

1*3990 

99 

1-8393 



55 

1*1491 

100 

1-8384 




Concentrated sulphuric acid chars organic matter, removing the 
elements of water and leaving black carbon. 

To strong sugar sjrup in a beaker standing m a stoneware trough add 
concentrated sulphuric acid and st ir. The tmxt uro becomes dark and froths 
to a black mass of carbon, steam and sulphur dioxide being evolved. 

Idle vapour density of sulphuric acid at 444 c corresponds with almost 
complete dissociation : H 2 N0 4 SO,* - 31/), but the products recom- 
bine on cooling. When the acid is heated m an open lia.sk the steam 
diffuses more rapidly and the liquid is enriched m SO ti (Wanklvii and 
Robinson, 1803). If the acid vapour is passed through a strongly 
heated platinum or quartz tube it decomposes into oxygen, sulphur 
dioxide and steam, which do not recombine on cooling : 2H 2 S0 4 - 
2»S0 2 4 0 2 ♦ 2H./). This also occurs if the acid is dropped into a red- 
hot platinum tlask. 

Sulphuric acid ionises in two stages, the first nearly complete but the 
second appreciable only at high dilution : 

(1) H 2 SOj^H* 4 HS0 4 ' ; (2) HK0 4 ' ^H*+S0 4 ". 

The acid and normal sulphates are MHS0 4 and M 2 S0 4 (M univalent), 
but disulphates M 2 S 2 0 7 and more complex sulphates, formed from 
normal sulphates and sulphur triox ide, M 2 S0 4 ,.tS 0 3 , are known. 
Many normal sulphates occur as minerals : gypsum CaS0 4 ,2H 3 0, 
anhydrite CaS0 4 , celestino Sr»S0 4 , barytes BaS0 4 , glauberite CaS0 4 , 
Na 2 S0 4 , and kieserite MgS0 4 ,H 2 0 are some examples. Many sulphates 
are soluble and crystalline, but calcium, strontium and lead sulphates 
are sparingly soluble, and barium sulphate is almost insoluble in water 
and dilute acids. 

Sulphuric acid is only very slowly reduced by hydrogen in the cold 
(not appreciably at 0°) but more rapidly on heating : H 2 S0 4 4-H 2 « 
80 2 + 2H 2 0. Carbon, sulphur, and phosphorus reduce the hot acid : 

2P t* 3H 2 S0 4 - 2H3PO3 4 3S0 2 . 
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Many metals (Mg, Zn, Fe, etc.) dissolve in dilute sulphuric acid with 
evolution of hydrogen. Sodium, potassium and magnesium liberate 
hydrogen from the cold concentrated acid. Most metals dissolve in the 
hot concentrated acid with evolution of sulphur dioxide. Iron gives 
hydrogen and sulphur dioxide but the action soon stops ; zinc gives 
sulphur dioxide with concentrated acid, hut a mixture of 4 vols. of 
cone, acid and 1 vol. of water gives hydrogen sulphide and a little 
sulphur : 4Zn +f)H 2 S0 4 ~4ZnS0 4 + H 2 S + 4H 2 0 ; lead is attacked by 
hot very concentrated acid (pure lead is more resistant), and tin and 
antimony are dissolved. 

The reduction to sulphur dioxide by metals has been represented by 
two sets of equations, in which M is a bivalent metal : 

(1) H 2 S0 4 + M^MS0 4 f H 2 
H 2 S0 4 + H 2 ~ 2H 2 0 + S0 2 . 

(2) H 2 S0 4 + M - MO + S0 2 i H 2 0 

h 2 so 4 +mo~mso 4 +h 2 o. 

Alkali metal (except ammonium), load and magnesium sulphates are 
stable on heating, except at very high temperatures ; zinc, copper and 
iron sulphates at high temperatures evolve S0 3 , S0 2 and oxygen ; 
calcium sulphate is decomposed at a high temperature, strontium and 
barium sulphates are stable. Most sulphates are reduced to sulphides 
by heating in a current of hydrogen or with carbon : 

K 2 S0 4 4 4H 2 = K.>S -t 4H 2 () 

Na 2 S0 4 + 2C = Na 2 S 4 2CO a 
BaS0 4 + 4C = BaS -i 4CO. 

On heating in hydrogen silver sulphate is reduced to the metal : 

Ag 2 S0 4 + 2H 2 = 2Ag + S0 2 + 2II 2 0, 
aluminium and chromium sul])hates form the oxides : 

A1 2 (S0 4 ) 3 + 3H 2 = A1A + 3S0 2 + 3H 2 0. 

Many sulphates are decomposed when heated in a current of hydrogen 
chloride : 

CuS0 4 f 2HC1 = CuCl 2 + H 2 S0 4 

Constitution of sulphuric acid. — The electronic formula of sulphur 
trioxide may be written by adding an atom of oxygen to the lone pair 
of electrons on the sulphur in the dioxide (p. 466) : 





o 
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0 
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Sulphuric acid and the sulphate ion are represented as : 


: O: 
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but as the sulphate ion may bo supposed formed from the sulphur ion 

“ •• T' 

: S : donating four electron pairs to four neutral oxygen atoms, and as 


there is no real difference between the two kinds of covalent links, it could 


iO, _ 7 o| 


o 


/O 


equally well be written I 


i or j >S< 


. The bond distances, 


O l X) jo 0| 

however, show a considerable amount of double bond character in the links, 
so that the old formula : 


() . ,o— 

X 

o h>— 


with the double bonds resonating among the oxygen atoms, making them 
equivalent, and with bonds supposed to have partial ionic character, is 
more satisfactory. The conventional formulae with coordinate links 
should be used on this understanding. 


The chlorides of sulphuric acid. — By the action of phosphorus penta- 
chloride on concentrated sulphuric acid 80 2 (0H) 2 , the two hydroxyl 
groups can be successively replaced by chlorine, forming chlorosulphonic 
acid S0 2 (0II)CI, and sulphuryl chloride S0 2 C1 2 . The reaction is a general 
one with oxyaeids, the acid chloride, phosphorus oxychloride and 
hydrogen chloride being formed : 

80 2 (0H) 2 + PC1 5 = !S(X,(OH )C1 4- P001 3 +-HC1 

1. p. 151° bp. 107 3° 

S0 2 (0H)C1 + PC1 5 = S0 2 01 2 4 POOL, + HC1. 

b.p 00 1 •* 

The boiling points show that the products can be separated by fractional 
distillation. Since excess of phosphorus pentaehloride gives sulphuryl 
chloride, chlorosulphonic acid may be prepared with phosphorus oxy- 
chloride, which does not act further on it : 

2SO a (OH ) 2 + POCI3 - 2S0 2 (0H)C1 + HP0 3 + HC1. 


Chlorosulphonic acid (Williamson, 1855) is formed by direct combination 
of sulphur trioxide and hydrogen chloride: SO :i t HOI — HClSO a , and is 
made on the large scale by passing dry hydrogen chloride into fuming 
sulphuric acid (containing 80 3 ) and distilling. It is a colourless fuming 
liquid, sp. gr. 1*753 at 20°, which is hydrolysed by water with dangerous 
violence : 


SO f (OH)Cl 4 - H 2 0 = S0 2 (0H) 2 4- HC1. 
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Its vapour at 170°- 180° is decomposed into sulphury 1 chloride and sul- 
phuric acid : 2S0 3 HCl — SO.Cl, + II 2 S0 4 , and at higher temperatures into 
chlorine, sulphur dioxide and steam, it reacts violently with silver nitrate, 
forming nitrososulphuric acid : 

280,(011)01 t 2AgN0 3 -- 2AgCl { 2SO a (OH )0*N0 f 0 2 . 

A sodium salt is formed by tlio action of sodium chloride on the acid : 
SO«(OH)CN NaCl = S0 2 (ONa)01-f HC1. 

Sulphuryl chloride (Kegnault, 1838) is formed by direct combination 
of sulphur dioxide and chlorine in sunlight or in presence of catalysts 
such as charcoal, camphor, or acetic anhydride : S0 2 I 01 2 S0 2 CI 2 . It 

is formed by heating chlorosulphonic acid in a sealed tube at 180°, or 
with a little mercuric sulphate, antimony, or tin as a catalyst, in a flask 
at 70° under a reflux condenser : 2S0 ; ,HC1 — S0 2 C1 2 -t H 2 S0 4 . It is a 
colourless fuming liquid, S]). gr. 1 *(><)7 at 20°, b. pi . 00*1 ° without decom- 
position ; the vaj>our is much dissociated at 330° : SO a 01 2 v— 80 a •} Cl 2 . 
The liquid is rather slowly hydrolysed by water: »S0 2 01 2 4 2H 2 0 — 
S0 2 (0H) 2 4- 2HC1, and chlorosulphonic acid is formed as an inter- 
mediate stage : S0 2 C1 3 -i H 2 G -SO 2 (OII)01 f HOI. 

With ice-cold water it forms a crystalline hydrate S0 2 Cl 2 ,Jf)H 2 0. A 
solution of sulphury! chloride in petrol is used to make wool unshrink- 
able : it breaks some linkages in the spiral fibre molecules. 

The chloride of disulphuric acid, disulphuryl chloride (or pyrosulphuryl 
chloride ) 8 2 0 6 CI 2 is obtained by the action of sulphur trioxide on thionyl 
chloride or preferably on sulphur chloride (Hose, i838) : 

HOC l a { 2SO s *=- H,O*0l, f SU 2 
580,4-8,01, 5SO, \ 8,0,01,. 

It is formed by the action of sulphur trioxide or chlorosulphonic acid on 
phosphorus pentachlorido : 

2 S 0 3 4 - PC 1 5 - POOI 3 + s.o*oi 8 
2SO t (OH )01 + rt'U POOJ 3 4 2HCI 4 8,0*01., 

and by dropping fuming sulphuric acid into hot carbon tetrachloride : 

3COI 4 i 2H,S0 4 t 30001,-+ 8,0*01, I 4HC1. 

It is a heavy mobile liquid, sp. gr. 1-844/18°, boiling at 57°/30 mrn., or 
150-7°/730 mm., giving a nearly normal vapour density, although some 
decomposition into sulphur dioxide, sulphur trioxide and chlorine occurs : 
SgOgClg- »S0 2 + S0 3 4 01 2 . It fumes only slightly and is decomposed only 
slowly by water : S,O s Cl, 4 3H 2 0 — 2H 2 SC) 4 f 2JH1C1. 

The conventional formulae of the chlorides of sulphuric and disul- 
phuric acids follow from those of the acids (see p. 483) : 

H-0, „0 01 -,0 O, , O y ,0 

>s< >Sx ;>»< >s< 

ci ' oo j o o xa co 

' , - . 
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Fluosulphonic acid S0 2 (0ii)F in formed )>y distilling fluorspar with fuming 
sulphuric aciid in an iron rotort : S() 3 f HF S0 2 (0U)F. It is a colourless 
mobilo liquid, b.pt. 102*5°, the vapour being stable at 900 . The acid is 
incompletely hydrolysed by water: S() 2 (OH)F i H.,<) -_j S0 2 (()H) 2 + HF, 
and very stable salts are formed from sulphur trmxido and alkali fluorides : 
SO a l NaF - N0 2 (()Nh)F. 

Sulphuryl fluoride S0 2 F 2 is formed by passing heated fluorine into excess 
of sulphur dioxide : NO., i F 2 S0 2 J«\, or more conveniently by heating 
barium fluosulphonate : l»a(S() 3 F) 2 HaSO, -u N() 2 F 2 . It is a colourless 

stable inert gas, b.pt. - 52' 1 , m.pt. 120, sparingly soluble in water. Tt is 
decomposed by sodium only at a high temperature, but is decomposed by 


alkali solution : 


SO,F a ♦ iNaOH Na«S< ) 4 » 2NaF i 2H 2 Q. 


Sulphamide and sulphimide. --Tin* action of ammonia gas on a solution 
of sulphuryl chloride in dry ben/.eno forms suf phuw.idv S() 2 (NII 2 ) 2 (Reg- 

nault, 1838) : S(),CI, l 4NII, SO t (NII.,)„ , 2NH.OI. 


It is purified by decomposing the silver compound N() 2 (NHAg) 2 with hydro- 
chloric acid and forms largo colourless crystals. 

Sulphimide is polymerised, (SC) 2 NH) 3 : it is formed by heating sulph- 
amide at ISO till ammonia is no longer evolved (Truuhe, 1892) : 


3S() 2 (NH 2 ). (SO, Nil),-* 3NH,. 

It is purified by decomposing the silver compound (S0 2 — NAg) 3 with 
hydrochloric acid, and forms colourless crystals. It probably has a ring 

SO,— NH SO (OH) — N 

/S0 2 or N dSO(OH). 

SO, -NH SO(OH) N 


structure : 

Nil 


Higher oxides of sulphur. — By the action of a silent discharge on a mix- 
ture of sulphur dioxide and oxygen Bert helot- ( 1 S 7 S ) found a contraction, 
and a viscous liquid separated on the walls of the ozomser, solidifying at 
0° to long prismatic crystals, tho analysis of which gave the formula S 2 0 7 , 
persulphuric anln/dride. These gave an oxidising solution of persulphuric 
acid with water. Meyer, Bailloul and Henkel (1922) and Maisin (1928) 
found that the prolonged action of the discharge gave N0 3 ,2N0 4 , and 
Schwarz and Achenbaeh (1934) reported that with a glow discharge at low 
pressure and cooling the gas with liquid air, white solid sulphur (etroxide 
N0 4 separated, melting at 0 Q to oily drops of S,0 7 . 

Persulphuric acids. — Faraday (1S34) when electrolysing a concen- 
trated solution of sulphuric acid noticed " a remarkable disappearance 
of oxygen.” He thought this was due to the formation of hydrogen 
peroxide, but this was not found by Fro die (J864), who suggested that 
persulphuric acid H 2 S0 5 is formed. Marshall (1890) found that on 
electrolysis of concentrated potassium hydrogen sulphate solution 
crystals of the composition KS0 4 separate at the anode. 

Bredig (1893) from Ostwald's conductivity rule (p. 300) showed that the 
formula is K 2 N 2 O s and hence persulphuric acid is dibasic, and Moeller (1893) 
calculated van’t Hoff’s factor i (p. 253) from the freezing points of potassium 
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persulphate solutions and showed that the degree of dissociation ot~ (i « 1)/ 
(n ~ 1) agrees with the conductivity value a-A/Ao, when n 3 (K 2 S B 0 8 ~- 
2K i 8,0/'). 

In Marshall's experiment the HSO/ ions discharged at the anode 
form porsulphuric acid : 2H80 4 = H 2 S 2 0 8 , and sparingly soluble potas- 
sium persulphate crystallises: H 2 N 2 0 8 + 2KHS0 4 ~ K 2 S 2 0 8 1 2H 2 S0 4 . 
Another explanation is that the H80/ ions are oxidised by nascent 
oxygen at the anode : 21180/ i H 2 0 +0 - H 2 8 2 O g -f 20H'. 

Persulphurie acid is formed by the electrolysis of 50 per cent sulphuric 
acid with an anode of platinum wire surrounded by a glass tube to serve 

as a diaphragm. The cathode is a spiral 
of copper wire outside the diaphragm (Fig. 
269). The apparatus is jmmnrsnd in ice. 
The addition ot a little hydrochloric acid 
promotes the reaction. If saturated potas- 
sium hydrogen sulphate solution is used 
crystals <>J potassium persulphate separate. 
The solution m each experiment gives 
a brown colour with potassium iodide: 
S.,() K " ,21'- 2S() 4 " . T,. 

Ammonium persulphate (NH 4 ) 2 S 2 0 K 
is much more soluble than the potassium 
salt and is made commercially by elec- 
trolysis of a solution of ammonium sul- 
phate in sulphuric acid. 

Potassium persulphate decomposes on heat ing : 2K 2 S.>() 8 - 2K.,S0 4 + 
280 :r f 0 2 , and the solution evolves ozonised oxygen slowly in the cold 
and rapidly on heating : 2K 2 S 8 0 8 -4 211 2 0 =-4KHS0 4 + 0 2 . 

Persulphate** are powerful oxidising agents, liberating iodine from 
potassium iodide, oxidising ferrous to ferric salts: 2Fc" -t »S 2 0 8 " = 
2Fe“' -i 2S0 4 ", and converting chromic* salts to diehromates and man- 
ganous salts to permanganates by boiling in presence of silver nitrate 
as a catalyst. In presence of alkali, manganous, cobalt, nickel and load 
salts form higher oxides : Mn(OH) 2 v K 2 S 2 0 8 = Mn0 2 t 2KHS0 4 . Potas- 
sium (but not ammonium) persulphate precipitates black argentic 
oxide Ag TI 0 from silver nitrate solution : 

K 2 S 2 0 8 + 2AgK0, + 2H 2 () - 2AgO + 2KH80 4 h 2HN0 3 . 

Many metals dissolve in persulphate solutions : Zn + K 2 S.,0 8 ~ ZnS0 4 + 
K 2 80 4 . 

Ammonium persulphate is used for bleaching and for “ reducing ” 
the intensity of photographic negatives. Barium persulphate BaS 2 0 8 
is very soluble (separation from sulphuric acid) ; on boiling the solution 
deposits barium sulphate. 



Fin. 269. — Preparation of 
persulphurie acid. 
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A solution of permonosulphuric acid, H 2 H0 5 , which is a powerful 
oxidising agent, was obtained by Caro (1898) by grinding potassium 
persulphate with concentrated sulphuric acid, allowing to stand for an 
hour, and pouring on ice : 

H 2 S 2 0 8 i- H 2 0 = 1I 2 N0 4 i H 2 S0 5 . 

It oxidises aniline to nitroso benzene and nitrobenzene. Baeyer and 
Villigcir (1901 ) separated free sulphuric arid from the solution by shaking 
with barium phosphate : Ba : ,(P0 4 ) 2 1 3H 2 S0 4 --=3BaS0 4 + 2H 3 P0 4> and 
differentiated Marshall’s acid (H 2 N 2 0 8 ), Caro’s acid (H 2 8>0 5 ), and hydro- 
gen peroxide l>y the reactions : 

1. Caro's acid instantly liberates iodine from iodides. 

2 . Marshall’s acid only slowly liberates iodine from iodides. 

3. Hydrogen peroxide at once reduces potassium permanganate, 

which is not changed by pcrsulphunc acids. 

iii the solution of Caro's acid the ratio SO a • peroxide O was found to be 
1 : 1 lienee the formula is SO., •+ O H 2 0 or lf 2 SO ft , permonosulphuric acid. 
"Hus was prepared nearly pure by Alirle (1909) by the action of sulphur 
trioxide on very concentrated hydrogen peroxide: S0 9 + H 2 0 2 - H 2 S0 6 . 
f Fhe reaction with concentrated sulphuric acid is reversible: H 2 S0 4 4- 
H j(), .■ I l g S(). t ICO. IVAns and Friedrich (1910) prepared pure per- 
monosulphuric acid and perdisulphunc acid H 2 S 2 () 8 by the action of anhydrous 
hydrogen peroxide on ehlorosulphoiiie acid : 

HO-SO.-H- 110*011 MO SO.O OH-i HC1 
I10 S0 2 *(1 , H0 0*S() 2 *()H UO SO.. O O-80 2 01i + HCl. 

r Fhese react ions give the conventional structural formulae : 

0 r: O— OH 0 r> O 0 X 

and /Sy 

O* OH O- OH HO 

The S 2 0 8 " ion consists of two tetrahedral S() 4 groups joined by an oblique 
covalent bond (Zachariusen and Mooney, 1934). 

Pormonosul plume acid is crystalline, melts at 45°, and is stable for some 
days. Perdisulphunc acid forms crystals stable up to 00°, but in solution 
slowly passes into permonosulphuric acid and sulphuric acid: H 2 0 + 
H,S 2 (Y~ ll 8 S0 4 +H t K0 4 . 

No solid salts of H a KO s are known, but a solution of KHSO a is said to be 
former 1 by the action of H 2 0 2 on KCISO3 (p. 484) : the acid should be 
monobasic. 

Thiosulphuric acid —Free thiosulphuric acid H 2 S 2 0 3 is not known, 
except possibly in solution, as it rapidly decomposes with separation of 
sulphur: H 2 S 2 0 3 =- H 2 S0 3 +8, but by boiling sulphur with an alkali 
sulphite solution this reaction is reversed and a solution of thiosulphate 
formed: Na 2 S0 3 -t- S =Na 2 S 2 0 3 . The sodium salt, discovered by 
Chaussier in 1799, forms large monoclinic crystals Na 2 S 2 0 3 ,5H 2 0, 
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commonly called “ sodium hyposulphite M or “ hypo ” and used jn 
photography and as an antiehlor. The stability in solution is increased 
by using boiled sterilised water, and adding acid sulphite (Na 2 J8 2 0 & ), 
or in volumetric solutions 0-2 gm. of Na 2 C0 3 per lit. 

Pure sodium thiosulphate, and especially potassium thiosulphate 
K 2 S 2 O n , S-IIoO, are best prepared by the interaction of alkali hydrogen 
sulphides and hydrogen sulphites 111 solution, and crystallising: 
2KHS +4KHS0 8 , -3K 2 S a 0 3 r 3I1 2 0. 

Thiosulphune acid may be regarded ((Idling, 1855) as sulphuric acid 
in which a hydroxyl group OH is replaced by a sulphydryl group SH, 
viz. HS*N() 2 -OH (the a(‘id HS S() 2 SH is unknown). Spring showed that 
sodium thiosulphate solution is reduced by sodium amalgam to sulphite 
and sulphide : NaOS0 2 -SNa t 2Na NaOSO./Na 1 Na 2 S, and Bunte 
(1874) that ethyl sodium thiosulphate (formed b\ the action of ethyl 
bromide on a concentrated solution of sodium thiosulphate : Na 2 S 2 0 3 f 
( 1 2 H 5 Br = CJlgNaSnOg - JNaBr), on vanning with concentrated hydro- 
chloric acid, forms mercaptan 0 2 H 6 SII, in which t hr ethyl group is 
known to be attached to sulphur : 

Xa0-S0 2 -Sr 2 H 5 1 HOH -Na()N0 2 011 (\H 5 SH. 

Thiosulphates and sulphides are formed by the action of alkalis on 
sulphur, and the reaction may he jot mall y represented as a hydrolysis 
in which an intermediate oxide SO is iormed (ef. p. 274) : 

2S 4-2011' - SO t S" - Fl 2 0 
2S0 *■ 20JH ' S 2 ()/' \ H 2 0 
4S 4 (K)H' -2S" S 2 0/' 1 3H 2 (). 

With excess of sulphur, yellow solutions containing poly sulphides are 
formed : K" f nS - S w+1 " these also result from the oxidation of sul- 
phide solutions by atmos])heric ox\gen, sulphur being also precipitated 
in the ease of ammonium and alkaline earth sulphides: 2S" t0 2 + 
2H a 0 -2S * 40H', and S" + wS ; with excess of oxygen thio- 

sulphate and sulphate are formed. The actual reactions are hence 
rather complex : 

4S 4 (ftiaOH - 2Na a S f Na 2 tt 2 0 3 1 311 2 0 
12S , 3Ca(OH ) 2 - 2(\aS ft 1 CaS 2 0 3 \ 3H 2 6 
I20aS 4 1)11 2 0 1 60 a - l)0a(0H) 2 1 CaS 2 0 3 + 2CaS 5 
20aS 5 f 30 2 - 2CaS 2 0 3 f OS. 

Thiosulphate is formed on passing sulphur dioxide into sulphide solutions: 
2Na t S 4- 3SO, 2Nu a S t O* 4 S, 

or sulphur dioxide or oxygon over heated sulphides or hydrosulphides : 

2NaHS 4 20 a - Na 2 S 2 0 3 4 H a O. 
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On fusing sulphur with alkalis or alkali carbonates, a dark brown mass 
(liver of sulphur) is formed. The first reactions are probably : 

48 + 3K «C0 3 - 2K 2 *S + K,S t O, + 3CO, 

KoS f- 38 KoS f) , 

but much of the thiosulphate is decomposed at a higher temperature : 

4K ? S„0 3 _ 3K 2 S0 4 + KjS r „ 
so that the final reaction is approximately 

11)8 4- I2K a C0 3 8K,S 4- K 2 S 5 4 3K 2 8<) 4 \ 12( 0,. 

Sodium thiosulphate crystals melt at 48° and lose water at 215°; 
above 223° Na 2 8 2 0 ;5 decomposes into sulphate and pentasulphide : 
4Na 2 S 2 0 3 — 3Na 2 S0 4 \ Na 2 S 5 . At higher temperatures the Na 2 S 5 loses 
some sulphur : Na 2 S 5 ~ Na 2 S 4 + S (K 2 8 5 is stable). 

Most thiosulphates, except those of alkali metals, are sparingly 
soluble but dissolve in alkali thiosulphate solutions to form complex 
anions. Sodium thiosulphate solution also dissolves silver halides 
(Ag(TAgBr,AgI) forming a complex ion Ag(S 2 () 3 ) 2 ' ,/ or 

o r: o v /<x ,o 

’ S. '>Agt )Ss ■ 

■ O y S S •() : 


which has a sweet taste. Thiosulphate solution is used as a 41 fixing ” 
agent in photography, as it dissolves unaltered silver halides (p. 743). 
The free acid H[Ag(8 2 O a )],H 2 0 is precipitated by concentrated nitric 
acid from a solution of Na[Ag(S 2 0,)| in ammonia (Baines, 1929). 

White precipitates of thiosulphates of silver, lead and mercury soon 
blacken from formation of sulphides : 

SO a (()Ag)(SAg) i M 2 0 - S0 2 (0H ) 2 -r Ag 2 S. 

The yellow cuprous salt Na 4 [( 1 u„(S 2 0 3 ) 5 J,<*H.,(), which crystallises from 
solutions of a cupric salt and sodium thiosulphate, decomposes on boiling 
to copper sulphides and sulphur, Cupric thiosuljihate, however, exists as a 
coordination com))ound witli ethylenediamine [ CTi on 2 ]S 2 0 3 . 

Thiosulphates are oxidised by chlorine and bromine water, and sul- 
phur is precipitated (sodium thiosulphate is used as an antichlor to 
remove excess of chlorine from bleached fabrics) : 

NaoKgOg i Cl 2 i H s 0-Na 2 S0 4 +8+2HCI, 
but with a large excess of halogen the sulphur is slowly oxidised to 
sulphuric acid : 

NuoSjjOjj i 4C1 2 H fdl 2 0 2Na(3i 2H 2 S0 4 4 0HC1, 
some trithionate and tetrathionate being also formed. Iodine reacts 
differently, giving a quantitative yield of tetrathionate : 

2Na 2 S 2 0.* s l 2 = 2NaI h Na 2 S 4 0 6 . 
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Potassium permanganate in neutral solution forms sulphate : 

Na 2 S 2 0 3 f 2KMn0 4 = Na 2 S0 4 + K 2 S0 4 + Mn 2 0 3 , 

but in acid solution some dithjonate Na 2 S 2 0 6 is also formed. 

Hyposulphurous acid. — This acid H 2 S 2 0 4 must not be confused with 
thiosulphuric acid (formerly called hyposulphurous acid) ; it is some* 
times called Ju/drosnlphvrotts acid and the name dithionous acid has been 
proposed. 

On passing sulphur dioxide into a suspension of zinc dust in absolute 
alcohol the metal dissolves and a solution of zinc hyposulphite is 
formed: Zn t 2SO a — ZnS a 0 4 . The filtered solution at once bleaches 
indigo solution and is a powerful reducing agent. The sodium salt is 
formed by the action of sulphur dioxide diluted with hydrogen (the 
pure gas causes explosion) on sodium hydride (Moissan, 1902) : 2NaH t- 
2S0 2 ”Na 2 S 2 0 4 -f H 2 , but is usually prepared by reducing an acid 
sulphite with zinc : 2NaHS0 3 i S0 2 » Zn Na 2 S 2 0 4 » ZmSOj + H 2 0. 

Zinc dust is addod to a cooled concentrated solution of NaHSO,, in a 
corked flask and sulphur dioxide passed in. Milk of lime is added to pre- 
cipitate the zinc sulphite : ZnSO., ( i a(OU) 2 Zn(OH) 2 t CaS() 3 . and the 
filtrate is saturated with sodium chloride. The thin glassy prisms of 
Na a S 2 0 4 ,2H 2 0 which separate oxidise rapidly to sulphite m air ; they are 
washed with aqueous and then anhydrous acetone and dried in a desiccator 
over concentrated sulphuric acid, \\ hen a w Into powder of Na 2 S 2 () 4 remains. 

The product contains 90 per cent of Na s S 2 () 4 and sonic NaCl. It is 
fairly stable in air. In solution the hyposulphite decomposes to disul- 
phite and thiosulphate: 2Na 2 S 2 () 4 Na 2 S 2 (> ;t -f Na 2 S 8 O a . 

Sodium hyposulphite was prepared in 1809 by Nehiitzenborger, who 
formulated it as NaHS0 2 , The correct formula was established by 
Bernthsen (1881 ), who showed that for every two atoms of sulphur, one 
of oxygen is required to form a sulphite (by ammoniaeal copper sul- 
phate), and three atoms to form a sulphate (by a solution of iodine). 
These results agree with the formula S 2 0 3 for the anhydride* (H 2 0,S 2 0 3 ), 
but not with SO (li 2 S0 2 - H 2 0,S0) : 

S 2 0 3 f 0 = 2SO s 2SO + 20 - 2S0. 

S 2 0 3 f 30 - 2S0 3 2S0 + 40 - 2S0 3 . 


The structural formula I is usually adopted, although II and III have 
also been proposed : 


0<--S S-,0 
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O H 11 O 
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Formula I accounts for the great reducing power, two hydrogen atoms 
linked to sulphur being present, and for the formation of some dithionate 
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on oxidation. The doubled formula II 2 S 2 0 4 (not HS0 2 ) is proved by the 
diamagnetism of the ion S 2 <V' (Klemm, 1937). 

The free a<*id is supposed to bo present in the yellow solution of Na 2 S 2 0 4 
and oxalic acid but it rapidly decomposes into sulphurous acid and sul]*hur, 
and the colour may be due to SO (p. 4SS) : 2SO SO a f S. 

Sodium hyposulphite is a very powerful reducing agent and is used to 
dissolve indigo (or other vat dyes) by forming reduced solutions : 

Na 2 K 2 0 4 + 2H 2 0 =2NaHH0 3 + 2H (nascent). 

Instead of sodium hyposuJphito the stable reaction product with formal- 
dehyde, called rongahtc ( \ is often used in reducing dyes. This contains a 
formaldehyde compound of .s odium sulphoxylate XaIIS0 2 : 

Na,S 8 0 4 ! II 2 () -Nal ISO-, + NaHSO, 

NaH S0 2 + Nall SO s < 2H-COH NaHSO,(HV()H ) + NaHSO :i (Ff 0011). 

It can be made in this way or by reducing NalJS() s solution with zinc in 
j>resence of formaldehyde. The salt NailS0 2 (Il-C01I),211 2 0 can be sepa- 
rated by crystallisation. 

n v /> 

Sulphoxylic acid. — Sulphoxvhc acid is usually formulated as \K< 

11 J 0 

Sulphoxylic acid Tf 2 SC) a is unknown but thallium sulphoxylate Tl 2 S0 2 
is formed by oxidising thallous sulphide with moist oxygen : Tl 2 8 + 0 2 “ 
Tj 2 K0 2 , and cohalt sulphoxylate is formed as a brown precipitate by the 
action of sodium hyposulphite and ammonia, on cohalt chloride solution : 
Na 2 S,,() 4 i < 'o n 2 ( ’oSOj, r S(') 2 -t- 2Naf *1. 

Thionic acids. — r I'ht k thionic acids form a group with the general 
formula H 2 S„() ( ., where n is 2, 3, 4, o, and 0 They are known only in 
solution but form crystalline salts. Some authors separate dithionie 
acid HjjSgOfl from the “ true ” thionic acids. 

The methods of preparation arc readily comprehended if it is assumed 
that : (i) sulphur dioxide, or acid sulphite, solutions contain the ion S 2 0 5 ", 
(ii) acid thiosulphate solutions contain the radical SO : S 2 0 3 " + 2H" = 
2SO 4 H t O. 

A (UtliionaU is formed by oxidation of sulphur dioxide or acid sulphite 
solution : S 3 0 6 " : O -S 2 0 6 " ; a trdhionatv by the action of sulphurous acid 
on a thiosulphate: S 2 0 3 " » 2H— 2SO 4 1LO and SO + S/V'- S 3 O e " ; a 
tetrathionate by oxidation of a thiosulphate: 2S 2 0 3 " ==S 4 0 # " -f 2e ; and a 
solution of pentathlon ic acid by the action of hydrogen sulphide on sul- 
phurous acid : H 2 >S -I- 28 0 2 3SO { H 2 0 and 580 + H 2 0 H 2 S 5 0 6 . 

Dithionie acid H 2 S 2 () f ., discovered by Oav-Lussac and Welter in 1819, 
is formed by the action of mild oxidising agents, such as a suspension of 
manganese dioxide, on sulphurous aeid : S 2 0 5 " -t 0 -S 2 0 6 ". 

Sulphur dioxide is slowly passed into a suspension of finely ground 
crystalline native manganese dioxide (pyrohisite) in water, cooled in ice. 
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Manganous dithionate and manganous sulphate are formed : MnO* + 
2S0 2 ~MnS 2 0 6 ; Mn 0 2 4 S 0 2 ~ l\lnS 0 4 . When all the pyrolusite has re- 
acted, hot saturated baryta water is added to precipitate all the manganese 
as Mn(OH ) 2 and the sulphate as BaS0 4 , which are filtered and washed with 
hot water. The slight excess of baryta in the filtrate is precipitated by 
carbon dioxide, and the filtrate is evaporated to give colourless monocliuic 
crystals of barium dithionate, BaS 2 O fl ,2H a O. 

With a suspension of ferric hydroxide a brownish-red solution of ferric 
sulphite is formed, which passes into a pale green solution of ferrous dithio- 
nate and sulphite : 

2Fe(OH ) 3 I 3H 2 S0 3 r- Fe 2 (S0 3 ) 3 + 6H 2 0 
Fe 2 (vS0 3 ) 3 - FeS 2 0 6 4- F 0 SO 3 . 

Cohaltit* hydroxide reacts similarly, and the reaction with rnanganose 
dioxide may ho: 2 Mn0 2 ( 3H.K0 3 - Mu.(SO ,).,4 311.0 + 0 
Mh 2 (S0 3 ) 3 ~ MiiS 2 () 3 -f MnSO s 
MnS0 3 -} () - MnSO t . 

Dithionic acid is obtained by an oxidation reaction and (unlike the 
other thionic acids) it is oxidised only with difficulty ; boiling concen- 
trated hydrochloric acid and potassium bromate slowly oxidise it to 
sulphate. Pithionates, unlike salts of higher thionic acids, are not 
decomposed by sulphides and sulphites. They art* all soluble and mostly 
crystallise with water : no acid salts are known. They may be made by 
decomposing barium dithionate 1 solution with the metal sulphate or 
carbonate, filtering from barium sulphate or carbonate, and crystallising : 
Na 2 S 2 0 6 , K 2 S 2 0 6j Ca»S 2 0#,4H 2 0, ZnN a O e ,«H a O, Ai a (8 a 6 e ) a ,18H a 6, 
PbS 2 0 6 ,4H 2 0, 0r 2 (N 2 0 6 ) 3 ,18H 2 0. A solution of dithionic acid is pre- 
pared by precipitating barium dithionate solution with dilute sulphuric 
acid and concentrating on a water hath and then in vacuum over 
sulphuric acid; above a sp. gr. of 1*347 it decomposes: H 2 N 2 0 6 - 
H 2 S0 4 -fS0 2 . The salts decompose similarly on heating: K 2 S 2 0 6 =- 
K 2 S0 4 4 S0 2 . 

By the action of sodium amalgam on dithionate solution a sulphite is 
formed : S a O e " + 2Na « 2SO a " ^ 2Na\ 

Barium ethyl thiosulphate, formed on adding barium chloride to 
sodium ethyl thiosulphate solution, rapidly forms barium dithionate 
and ethyl sulphide (Ramsay, 1875) : 

.OSOg-SEt 0*80„ 

Ba,f - — Ba f %EtS-SEt. 

v 0-«0 2 -SEt 0*S0 2 

Trithionic acid H 2 S :} 0 6 was discovered by Langlois (1842), who 
obtained potassium trithionate by warming a saturated solution of 
potassium hydrogen sulphite with powdered sulphur for ihree or four 

f a y® : 6KHS0 3 + 28 = 2K,S ;i 0 ( , + K 2 S 2 0 3 f 3H 2 0. 
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The best method of preparation (Plessy, 1844 ; Hertlein, 1896) is to 
pass sulphur dioxide into a saturated solution of potassium thiosulphate 
until a yellow colour develops, allow to stand till colourless, and repeat 
until no colour forms. On standing t he salt -crystallises. The reaction, 
usually formulated : 2K 2 S 2 0 3 t 3S0 2 =■ 2K 2 S ; ,O c + S, is more complex; 
less sulphur separates and some tetra- and ])entathionate are formed. 
A trithionato is formed by oxidising ice-eokl saturated sodium thio- 
sulphate solution with hydrogen peroxide : 

2Na 2 S 2 0 3 -t 4H.,0 2 - Xa 2 S 3 0 G i Xa 2 S0 4 -«-4H 2 0. 

A solution of trith ionic acid, prepared bv precipitating a concentrated 
solution of KjSjOg with tartaric, perchloric or hydrofluosilieio acid, decom- 
poses easily on concentration : H a 8 8 0 6 - I l 2 S() 4 j SO a f »S, and the salts 
also decompose on heating : K 2 S 3 O ft K 2 S0 4 \ S() 2 ^ S. Trithionates, 
exce]>t the silver, mercurous and mercuric salts, are soluble. 

Sodium amalgam roacts with a trithionato solution to form sulphite 
and thiosulphate: >S 3 0 6 " + 2Na - SO s "-i 8,0/' { 2Xa', and alkali sulphide 
forms thiosulphate : S 3 0 c " *1 K" A sulphite does not react with 

a trithionato. but removes sulphur from a pentat hionato and from a 
totrathionate, harming a totrathionate and tritlnonate, respectively, and a 
thiosulphate : 

8 # 0,"-rSO*"~S 4 0," i S 2 <> 3 " (rapid) 

S 4 0 6 " I 8O,"---S 3 O 0 " , S s O/' (slow). 

Tetrathionic acid H 2 S 4 0 6 was discovered by Fordos and Gelis in 1843. 
The sodium salt is formed in the iodine-thiosulphate titration : 

2Na 2 S 2 0 3 4 L> - Xa 2 S 4 O fi -f 2XaI . 

To obtain the pure salt a saturated solution of sodium thiosulphate 
is added drop by drop to a cooled solution of iodine in alcohol, shaking 
after each addition, until only a pale yellow colour remains. The 
totrathionate separates in crystals (sometimes iirst as an oily con- 
centrated solution) and is washed with alcohol, dissolved in water, 
reprecipitated with alcohol and dried over sulphuric acid. In solution 
it slowly decomposes : Xa 2 S 4 0 6 - Na 2 S0 4 ^ SO a + 2S, and the reaction 
is accelerated by sodium thiosulphate. 

The totrathionate is formed by oxidation of two thiosulphate ions, 
two electrons being removed : 2S 2 0 3 " * 8 4 0 6 "- 1 -2e. ^e reaction is 
quantitative with iodine, but with other mild oxidising agents some 
sulphate is also formed : 

28,0 3 " + l a «S 4 O e "+2I' 

2S.Oa"4 2Fe--’ S 4 0 G " f2*V 
28,0.^ + 2Cu* -S 4 0«' / -t20ir 
2S a 0," -1 H 2 0 2 S 4 0 g " l 20H / . 
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On adding ferric chloride to sodium thiosulphate solution, a deep 
purple colour due to the ion Fe(K a O s ) 2 ' rapidly disappears and a colourless 
solution free from ferric ions {no colour with KCNS) is formed : 

2S 2 0 3 ''4-Fe***-Fe(S 2 0 3 ) a ' 

Fo(S t O a ), # 4 - Fe" =S 4 <) 6 " 4 - 2Fe*\ 

Tetrathionate produced in electrolytic oxidation of thiosulphate solution 
is probably formed by the action of hydrogen peroxide at the anode. 

With tetrathionate solution sodium amalgam forms thiosulphate : 
S 4 0 fi " * 2Na=2S 2 O a " r 2Na* (reverse of formation of S 4 0 e " from 
2S 2 0 3 "), sulphides form thiosulphate and sulphur; 8 4 0 6 f ' 4 S" ~ 
2S 2 O a "-fJS, and .sulphites slowly form trithionate : S 4 0 6 " f S0 ;{ " = 
S 3 0 6 " i S 2 0 ;] ". The tetrathionates are soluble. 

Lead acetate and sodium thiosulphate solution precipitate white lead 
thiosulphate. A suspension of this reacts with iodine to form a solution 
of lead tetrathionate : 2PbS 2 0 3 + I 2 - P1)I 2 \ PbS 4 O e , which when fil- 
tered and precipitated with dilute sulphuric acid gives a solution of 
tctrathionic acid. This is fairly stable and can be concentrated on a 
water bath and in vacuum over sulphuric acid up to a point, but then 
decomposes : H 2 S 4 0 6 -- H 2 S0 4 -r SO., i 2S. The tetrathionates decom- 
pose on heating : K 2 S 4 0 6 =- K 2 S0 4 » S0 2 4-2S. 

Pentathionic acid H 2 S 5 0 6 , discovered by Wackonroder in 1845, is 
formed bv the interaction of hydrogen sulphide and sulphurous acid in 
solution, sulphur and tctrathionic acid being also formed. It is possible 
that the oxide SO is an intermediate product. : 

H,S t 2SO, -:*NO 4 HoO 
f>S0 4 IU) -H 2 S 5 0 6 / 

the S 5 0 6 " ions being partly reduced to S 4 0 6 " by SO;," ions. 

Pentathionic acid (the existence of which was doubted) was studied 
by Debus (1888) in a masterly research on the thionic acids. The salts 
are not stable unless a little hydrochloric or sulphuric acid is added to 
the solution. 

Hydrogen sulphide is passed slowly for a few hours a day into saturated 
sulphur dioxide solution till all the S0 2 finally disappears. The milky 
liquid ( Wackcnr oders solution) contains suspended and colloidal sulphur, 
and pentathionic and tctrathionic acids. These are decomposed by alkali, 
so that only one-third of the amount of KOH required for neutralisation is 
run into the liquid in a thin stream with constant stirring. Potassium 
acetate or bicarbonate may be used instead. On spontaneous evaporation 
K 2 8 4 0 6 (monoehnic) and K 2 S c () 8 ,UH 2 0 (rhombic) crystals form, and may 
be separated by hand-picking, or (when well-formed) by notation in a 
mixture of bmmofomi and xylene of density 2*2, when K 2 S 4 0 6 sinks and 
K 2 S 6 0 g ,lJH 2 0 floats. The pentathionate may be recrystallised from 
warm water acidified with sulphuric acid. 
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Pentathionate is formed by the action of concentrated hydrochloric 
acid on concentrated sodium thiosulphate solution containing a little 
sodium arsenite and cooled at -J0 J (Kaschig) : S 2 0 3 " + 2H' =2SO -t- 
H 2 0 ; 5S0 + H 2 0 - H 2 S 5 0 6 . The filtered liquid deposits crystals of 
Na 2 S 5 0 6 and the filtrate contains H 2 S 5 0 6 , giving crystals of K 2 S 6 O e , 
1|H 2 0 on adding potassium acetate. 

A solution of pentath ionic acid is prepared by precipitating a solution 
of the potassium salt with tartaric acid ; it may be concentrated on a 
water bath to density 1*3 and in a vacuum desiccator to density 1*6, 
but then decomposes: H 2 S 5 0 6 - H 2 80 4 i S0 2 + 3S. The salts, which 
are soluble, decompose on heating : K 2 8 5 0 H - K 2 80 4 ■+ S0 2 -i 38. 

Potassium amalgam reduces pentathionate to tetrathionate and 
finally to thiosulphate : S 5 0 6 " - 2 K*Sj 0 6 " -? 2K -* S'', and S 4 0 6 " + 
2K “2S 2 0 3 " l 2K* ; sulphide forms thiosulphate and sulphur : S 5 0 6 " + 
8" = 2S 2 0 3 " -{ 28 ; and sulphite forms tetrathionate and thiosulphate : 
S 5 0 6 H- 80 3 8 4 0 6 * 

Hexathionic acid H ? S 6 () B , according to Debus, is contained in Wacken- 
roder’s solution, from which, after separation of K 2 S 4 0 B and K 2 S fi 0 6 , he 
obtained warty crusts of K 2 S B O fl . The potassium salt is prepared (Woitz 
and Acbterborg, 1928) by adding a solution of 1 mol of potassium nitrite and 
3 rnols of potassium thiosulphate to well-cooled hydrochloric acid in a large 
flask, with vigorous shaking, the oxides of nitrogen being removed by a 
current of air, and the solution cooled in a freezing mixture. Potassium 
chloride separates and is removed. On concentrating the solution under 
reduced pressure, potassium hexathionate crystallises. 

Hexathionic acid is formed by the action of a large quantity of con- 
centrated hydrochloric acid on a solution of sodium thiosulphate containing 
sodium arsenite, and may be isolated as potassium hexathionate by adding 
potassium acetate after concentration (Kurtenacker and ]YJatejka, 1930). 

Structures of the thionic acids. Several sets of formulae have boon 
proposed for the thionic acids. Hlomstrand (1809) and Mendeleeff (1870) 
suggested that * SO a O.H groups are linked by sulphur atoms : 

SCVOH ,80*011 XS0 2 OJJ S*S0 2 *0H 

j | 

80,-OH \sOj-OH 8-80,-OH \SSO.-OH 

di tri totra pout a 

Debus (18SH) considered that the central linking group was — S - O — : 
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1 
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1 
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1 
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Hertlein (1890) found that polythionutes of mercury and silver do not 
form complex compounds, and from this and the molecular refractions of 
the salts he concluded that the metal is attached to oxygen as in Blom- 
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strand’s and Mendeleoff’s formulae, ratlier than to sulphur as in Debus’s 
formulae, since these metals in combination with sulphur readily form 
complex compounds. 

Vogel (1925) proposed the formulae : 


SO.-OH 

S0 2 01i 

di 


/ROs'OH 


SOo-OH 

tri 


,so 2 *oh 

S S; 

x S0 2 ()H 

totrn 


,80,-OH 

S,- S— Sv 

so 2 oh 

penta 


which are similar to those now ado|)ted, those for di- and tri-thionatos 
being based on X-ray evidence ; the ions are : 


0 K 

0<r-S*S— >0 


so 2 *o 

SOjO 

s rr so 2 o 

S. iSO.-O 


K<-S- 
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' ' s - 
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■ S l - SOjO 

tn 
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The ditliionate ion is a trigonal bipyranud, and the S angle in the 
trithioriate ion is about 103°. 

Although dithionic acid does not fonn acid salts, the conductivities of the 
sodium salt and Ostwald’s rule (p. 300), and also the diamagnetism of the 
sodium salt, show that the acid is dibasic, f{ 2 S 2 0 6 and not I1S0 3 . 

Sulphur monoxide. This oxide, SO, is formed by (i) the slow oxidation 
of sulphur on heating in air, (li) burning sulphur in 0x3 gen below 40 mm. 
pressure, (lii) the action ot an electric discharge on a mixture of sulphur 
dioxide and sulphur vapour at JO mm. pressure : S0 2 -t S - 2SO, (iv) the 
action of finely-divided silver on thionyJ chloride: S()(1 2 -( 2Ag SO -l 2AgCl 
(Cordes and Schenk, 1933). Jt is a colourless gas, stable at room tempera- 
ture but decomposing at 100° : 2SO - S0 2 1 S. It combines with oxygon 
on sparking, anti readily with chlorine at low pressure : SO 1 Cl 2 ~ S0C1 2 . 
Alkali absorbs it to form sulphide, sulphite and thiosulphate. An orange- 
red solid formed on cooling the gas witli liquid air does not form SO on 
warming. 

Sulphur sesquioxide. Powdered sulphur dissolves in fuming sulphuric 
acid to form an indigo-blue liquid. The malachite-green solid sulphur 
sesquioxide is formed by the action of' liquid sulphur trioxide on powdered 
sulphur: S0 3 + S~ S 2 0 3 (Weber, 1875 ; Partington and Vogel, 1925). It 
is unstable, decomposing at room temperature and rapidly on wanning : 
2S 2 0 3 - S + 3S0 2 , and is decomposed by water, forming sulphur, sulphuric 
acid and trithionic* acid, with smaller amounts of sulphurous and penta- 
thiomc acids. The formula may be 
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SELENIUM AND TELLURIUM 

Selenium .—Selenium was discovered by Berzelius in 1817 in a deposit 
in a lead chamber making sulphuric acid. The name is from the Greek 
selem, the moon, on account of the analogy of the element with tellu- 
rium, named from the Latin tell us t the earth. Many important com- 
pounds of selenium wore discovered by Berzelius ; selenic acid was 
discovered by Mitscherlieh in 1827. Selenium is intermediate between 
sulphur and tellurium in its properties. 

Selenium occurs native in Mexico and California, and in some native 
sulphur, particularly Japanese ; selenides of lead FbSc, copper Cu 2 Se 
and silver Ag a Ke occur at OJausthal (Harz), mercury selenide HgSe 
in Mexico, and the important ore zorgite. a double selenide of copper 
and lead with some iron and silver and as much as 31 per cent of So, 
in the Argentine, i'rookesite (Ou,Tl,Ag) 2 Se is found at Skrikorum in 
Sweden. Many kinds of pyrites contain selenium, which finds its way 
into the flue dusts and chamber deposits of sulphuric acid works and 
into the commercial acid. Jn making sodium sulphate with this acid 
(p. 210) the selenium pusses as chloride into the hydrochloric acid. 
Selenium occurs in soil of the arid plains of Dakota, Wyoming and 
Kansas, making the herbage poisonous to animals, and it may pass into 
wheat. Most vegetables (especially spinach), and bones and teeth, 
contain it in traces. 

Selenium may be extracted from vitriol chamber deposits, etc., by 
digesting with fuming sulphuric acid : Se -f- 2SO :j - Se0 2 4 2SO a , or with 
potassium cyanide solution when it dissolves as potassium seienocyanate: 
KCN 4 Se^KCNSe, and on adding hydrochloric acid selenium is 
precipitated as a red powder : KCNSe f HC1 = KOI 4- HCN 4- Se. It is 
purilied by distillation or by evaporation to dryness with nitric acid, 
when solid selenium dioxide Se0 2 is formed, which can be sublimed, or 
recrystallised as selenious acid H 2 SeO ;i , a solution of which is reduced by 
sulphur dioxide : Ii 2 Se0 3 4 - 2S0 2 4 U 3 0 ~Se f 2H 2 S0 4 . 

Selenium is extracted from the anode slimes of electrolytic copper 
refining (p. 721) which may contain as much as 9ft per cent together 
with tellurium, although 1 to 18 per cent Se and 0*25 to 2*5 per cent 
Te are usual. 
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Selenium is used in making red glass, enamels and glazes, and the 
pigment cadmium selonidc CdSe, and in photoelectric cells ; its red 
compounds are used in photographic toning and selenobenzamide in 
froth flotation. Selenium has been used in vulcanising rubber ; in 
conjunction with sulphur it prevents surface crystallisation or “ bloom.” 

Like sulphur, selenium exists in several allotropic modifications (Saundors, 
1900 ) : 

1. Amorphous selenium, (a) Vi/reous selenium , an opaque almost black 

lustrous solid, sp. gr. 4-28, giving a red powder, and formed by suddenly 
cooling melted selenium. It softens at 5U° and if rapidly hoatod to 220° is 
liquid but viscous. Above G0°-80° it changes fairly quickly into metallic 
selenium (no. 3). (b) Red amorphous selenium , a dark rod powder, sp. gr. 

4*20, precipitated from a solution of selenious acid by sulphur dioxide, or 
by hydrochloric acid from a solution of KCNtte, or formed (as “ flowers of 
selenium ”) by subliming selenium in a sealed tube. Amorphous selenium 
is slightly soluble in carbon disulphide (about 01 per cent at the b.pt.) and 
readily in selenium oxychloride. (<■) Colloidal selenium., formed as a red sol 
by mixing dilute solutions of selenious and sulphurous acids. 

2. Monoclinic selenium is obtained in red crystals by lotting forms 1 a or 
lb stand in contact vv ith carbon disulphide. Two stable crystalline varieties 
are known, sp. gr. 4-47 (of. ^-sulphur). If heated rapidly the rod crystals 
fuse at 200" with partial conversion into metallic selenium, and the mota- 
stable melting point is probably 170- 180' (cf. a-sulphur). 

3. Metallic selenium is formed, with evolution of beat, when any other 
variety is heated at 200 '--220 for some time. It is silvery -grey, sp. 
gr. 4-80, gives a black powder (red if' very fine), and is insoluble in carbon 
disulphide (about 1 per cent of soluble selenium is always present) but 
soluble in chloroform. If has been obtained by sublimation in hexagonal 
crystals isoinorphous with tellurium. 

The elect rical conductivity of metallic selenium is very small in the dark, 
but on exposure to light it. increases rapidly, the original conductivity being 
recovered (with a time-lag) in the dark (Willoughby Smith, 1873). This 
property, which is probably due to an inner photoelectric effect (liberation 
of electrons in the surface layer of the solid) is utilised in photoelectric cells. 

Briegleb (1929) from X-ray examination concluded that vitreous selenium 
is amorphous, monoelinie selenium consists mostly of So 2 molecules, and 
metallic selenium mostly of So molecules. 

Selenium boils at 684*8° giving a dark-red vapour, the density of which 
falls with rise of temperature ; at lower temperatures Se 8 and Se 6 
molecules seem to be present, above 1400° So 2 molecules only. The 
molecular weight in solution in phosphorus corresponds with Se 8 . 

Selenium combines with many metals to form selenides, and alkali 
metal selenides and polysclenides, Na 2 Sc\ Na 2 Se 2 , Na 2 »Sc 3 , Na 2 Se 4 and 
Na 2 Se 6 , analogous to the sulphides are formed. It reduces hot silver 
nitrate solution : 3Se -i- 4AgN0 3 + 3H 2 0 ~ 2Ag 2 Se + H 2 Se0 3 + 4HN0 3 . 

Hydrogen selenide H 2 Se is formed in small amounts on heating 
selenium in hydrogen : H 2 + Se ^ H 2 Se (although most of the selenium 
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sublimes in glittering crystals) and by the action of nascent hydrogen on 
selcnious acid. On heating iron filings with selenium, ferrous selenide is 
formed, which gives H 2 Se with acids: FeSe f 2H01 - Fe01 2 s H 2 So. 
Pure H 2 Se is obtained by the action of Avater on aluminium selenide : 
A1 2 Sc 3 4- -611 2 0 ~ 2A1(0H) 3 4 3H 2 Ne. Hydrogen selenide is a colourless 
inflammable gas with a very offensive smell and strong action on the 
mucous membranes and is poisonous, ft is less stable than hydrogen 
sulphide. It is soluble in water to a feebly acid solution which pre- 
cipitates selenides of many metals, and oxidises on exposure to air, 
selenium being precipitated. It combines with ammonia gas to form 
solid (NH 4 ) 2 Se. The normal density of t he gas is 3*06Wi gm./lit., corres- 
ponding with a molecular weight 82, and it leaA 7 cs its own volume of 
hydrogen when decomposed bv heated tin, hence the formula is H 2 Se. 
The b.pt. is — 4 1 *7 J and the in.pt. -f>4 . 

Halogen compounds of selenium. — Selenium forms two fluorides, SeF 6 
(colourless gas) and SeF } (colourless liquid), and a liquid oxyfluoride 
NeOF 2 . The reddish-brown liquid selenium monochloride Se 2 Cl 2 is formed 
by passing chlorine over selenium. It decomposes on heating, giving 
the more* stable tetrachloride : 2Se a C T — 3Se i XeCl 4 , and is slowly de- 
composed by water : 2Se 2 Cl 2 4 - 3H a O H.,SeO } t 3Se + 4HC1. The pale 
yellow solid selenium tetrachloride Sc01 4 is formed by the action of excess 
of chlorine on selenium, or by heating selenium dioxide and POI 6 , dis- 
tilling off the POOL, in a current of carbon dioxide, and subliming : 
NeOj, 4 2PCI- #Se01 4 4 - 2P001 3 . It sublimes Avithout fusion and the 
yellow vapour is dissociated : 2SeCl 4 ^ Se 2 Cl 2 i 301 2 . It is decom- 
posed by water : SeCl 4 4- 3H 2 0 = H 2 Ne0 3 f 4HC1. 

The light -yellow liquid selenium oxychloride SeOCl 2 is formed by the 
partial hydrolysis of the tetrachloride : Se01 4 + H 2 0 =SeOCI 2 4- 2HC1, 
and on heating the dioxide and tetrachloride in a sealed tube : 
KeO a + SeCl 4 — 2SeOCJ 2 . The liquid has a high dielectric constant 
v4t>*2), mixes with many organic liquids and reacts with most metals 
and oxides ; potassium reacts explosively hut sodium is unaffected. 

The reddish-brown liquid selenium monobromide Se 2 Br 2 is more stable 
than the orange-red solid selenium tetrabromide SeBr 4 . Both are formed 
from the elements. The solid acid H 2 SeBr 6 and salts are known. 

The very reactive selenium oxybromide Se()Br 2 is obtained by distilling 
SeOCl 2 with NaBr, or by mixing together Sc, Se0 2 and 2Br 2 and 
warming. No iodides of selenium are known. 

Oxides and oxyacids of selenium. — Selenium burns, but not very easily, 
when heated in air, and more readily in oxygen, with a blue flame 
forming white crystalline volatile selenium dioxide Se0 2 , very soluble in 
water, Se0 2 on heating forms a yellow liquid and vapour. The vapour 
density is normal, but in solution in SeOCl 2 the molecule is (Se0 2 ) 3 . 
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By evaporating a solution of Se0 2 in water, or selenium in hot nitric 
acid, very soluble hexagonal prisms of selenious acid II 2 Se() 3 are formed. 
It gives acid and normal selenites r.g. K HSeO, and K 2 »Sc0 3 , and superacid 
salts, KH s (S(b ;} ) 2 . Hetcropolvacids are formed with vanadic, molyhdic 
and uranic acids. CaSe0 3 and JhiSe0 3 are sparingly soluble. Selenious 
acid and selenites are easily reduced to red selenium, e.g. by organic 
matter in dust. 

Selenium trioxide Se() 3 is formed, mixed with some Se0 2 , as a white 
deliquescent solid by passing a glow discharge through a mixture of 
oxygen and selenium vapour at 4 mm. pressure. The corresponding 
selenic acid PUSe0 4 is produced by the action of chlorine on selenium 
or selenious acid suspended in water: So + 4IT 2 0 + 301 2 - H 2 Se0 4 f 
6HCI : by the action of bromine on silver selenite in water : Ag 2 Se0 3 + 
H 2 0 h Br 2 = 2AgBr U 2 Sc0 4 : by oxidising selenious acid in nitric acid 
with chloric acid, or selenious acid with permanganate, or by electrolytic 
oxidation. The solution may be evaporated until at 2(55° it contains 95 
per cent of H 2 »Se0 4 , when it decomposes on further heating : 2I1 2 Kc 0 4 = 
2H 2 Ke0 3 f () 2 . If t his liquid is placed over sulphuric acid in a vacuum 
desiccator until it contains 07 *4 jut cent of H 2 Se0 4 (sp. gr. 2-(>27) and 
then strongly cooled, it forms colourless hexagonal crystals of pure 
selenic acid, m.pt. 58 . The acid is very hygroscopic and evolves heat 
with water; the concentrated acid chars organic matter and dissolves 
sulphur to a blue liquid. Potassium selenate is formed on fusing 
selenium with nitre (Mitscherlicb, IS27) and sodium selenate on heating 
selenium with sodium peroxide. (Nitric acid oxidises selenium only to 
selenious acid.) 

Selenic acid on heating dissolves copper and gold, forming OuSel) 4 
and Au 2 (Se() 4 ) 3 , part of the acid being reduced to selenious acid. The 
dilute acid dissolves zinc : Zn -] H 2 Sc0 4 — ZnSe0 4 t- H 2 , but iron receives 
a thin protective coating of selenium and is not dissolved. Calcium 
selenate forms a hemihydrate CaSe0 4 ,iH 2 0, like plaster of Paris. 
Barium selenate is rather more soluble in water than barium sulphate 
and occludes salts more easily. 

According to Mitsehorlieh selenic acid is not reduced by hydrogen sulphide 
or sulphur dioxide, but Benger (1027) says it is reduced, with some diffi- 
culty. It is reduced to selenious acid by boiling with dilute hydrochloric 
acid : H 2 Se0 4 f 2HC1 ~ II 2 So() 3 f H 2 U + C’L. 

Selenium dissolves in fused sulphur trioxide or fuming sulphuric acid, 
more easily on warming, to a green solution containing selenosulphur 
trioxide SSe0 3 (sulphur gives a blue solution of S 2 0 3 and tellurium a red 
solution of 8To0 3 ). 

Selenium dissolves in potassium sulphite solution forming potassium 
selenothiosulphate K 2 SSe0 3 (analogous to the thiosulphate), which can be 
obtained in colourless cystals. 
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Salts of selenotrithionic acid tte(NO a *OH) 2 are formed by the action of 
selenium acetylacetone (from ncetylaeotono and SeCl 4 ) on alkali hydrogen 
sulphites : 

(( YH b 0 2 : So), 4- 4KHS() 3 =. 28o(SO,-OK), 4 2C 6 H 8 () 2 . 

A solution of* the free acid is formed from selenium acetyl acot one and 
sulphurous acid. A salt of selenopentathionic acid H,SoN 4 (), is formed 
from solenious acid and sodium thiosulphate in weakly acid solution : 
Se0 2 4 4Na 2 K 2 0 3 * 411(4 -4Na( l i Na,S,O c i Nu,SoS 4 0, f 2H 2 (). 

An explosive orange-rod selenium nitride So 4 N T , (of. K 4 N 4 ) is precipitated 
on passing dry ammonia into a. dilute solution of NeOfl, in benzene, or by 
the action of liquid ammonia on SeBr 4 in presence of OK 2 (Strecker and 
Claus, 1923). Selenophen C 4 H 4 So (analogous to tluophon) is formed from 
selenium and acotylene at 400 ' (Briscoe and Peel, 1928). 

Tellurium. — Native tellurium occurs in small amounts and was called 
by early mineralogists durum paradoxum or durum, problematicum , on 
account of its lustre. J. F. Muller von Keichenstcin in 1782 sent a 
specimen of it to Bergman, who reported that it was a peculiar metal 
similar to antimony. Klaproth in 1798 examined it and called it 
tellurium (Latin tellm, the earth). Berzelius in 1832, after a thorough 
investigation characteristic of his work, pointed out its analogies to 
sulphur and selenium (which he had discovered in 1817). 

Tellurium is rather rare. It is found native in Central Europe, 
Colorado and Bolivia, and with selenium in ♦ Japanese sulphur, but 
usually occurs as tellurides : sylranite or graphic tellurium (Ag,Au)Te 2 , 
nagyagite or black tellurium (Au,Pb) 2 (TtyS,Sb) 3 , hessitc Ag 2 Te, and 
tetradymite Bi a Te ;l . < Sold tellurides are important for gold extraction 
in Australia and Colorado. 

Tellurium may be extracted from some silver and bismuth ores, or 
from the anode slimes of copper refining (p. 721 ). Less than 0*1 per cent 
gives lead a greater tensile strength and resistance to acids, and tellurium 
has also been proposed for use as a dark finish in electroplating silver, 
for compounding rubber, and as diethyl tclluride as an anti-knock for 
petrol. It seems, however, to find little use, since its compounds have 
offensive properties. 

Bismuth ores are dissolved in hydrochloric acid, tellurium precipitated 
with sodium sulphite, and purified by boiling with sodium sulphide solution 
and powdered sulphur, then adding sodium sulphite, when tellurium 
separates as a greyish-black precipitate, which becomes silver-white on 
fusion. 

Tellurium can be deposited in smooth thick layers on a lead cathode from 
a solution of Te0 2 in liydrolluorie and sulphuric acids ; with a tellurium 
anode containing selenium, the latter deposits as a slime (Mathers and 
Turner, 1928). 

A red colloidal solution obtained by reducing telluric acid with hydrazine 
behaves towards electrolytes like a metal sol (Doolan, 1925). 
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Tellurium forms hexagonal crystals, is brittle and easily powdered, 
has a bright lustre like antimony, a fairly high sp, gr. of (>*31, conducts 
electricity like a metal, and readily forms an amalgam. An amorphous 
variety, sp.gr. (>•()! 5, is precipitated by sulphur dioxide from tellurous or 
telluric acid. Tellurium melts at 449*8°, and boils at 1390° (478° in a 
nearly perfect vacuum) forming a golden-yellow vapour. At 671° the 
vapour pressure is only 15 mm. The vapour density at 1400° is slightly 
higher than corresponds with Te 2 . When heated in air tellurium burns 
with a blue flame forming white vapours of tellurium dioxide Te0 2 : 
it burns, when heated, even in very dry oxygen. 

Tellurium combines with many metals to form tellur ides, and dark- 
red alkali polvtellurides. 

Hydrogen telluride H 2 Te, prepared in an impure state by Davy in 
1810 from zinc telluride and acid, is obtained pure from aluminium 
telluride and dilute hydrochloric acid, or by the electrolysis of 50 per cent 
sulphuric or phosphoric acid at -20' with a tellurium cathode, and at 
once drying and liquefying the gas (b.pt. - 1*8°, m.pt. -57 ). 

Hydrogen telluride is a colourless gas with an unpleasant smell, less 
stable than hydrogen selenide but fairly stable in the dark when pure. 
Exposure to light decomposes it, especially when moist : H 2 Te-H a -t 
Te. An equal volume of hydrogen remains after heating with zinc, and 
this result, with the gas density, gives the formula H 2 Te. The gas burns 
in air with a pale blue flame: 2H 2 Te + 30 2 ^-2H s O + 2To() 2 . The 
solution oxidises in air and becomes red, from separation of tellurium. 


Hydrogen telluride is a fairly strong acid and hydrogen selenitic is 
stronger than hydrogen sulphide : the acidic character increases with 
atomic weight in the group S, Se, Te. 


Halogen compounds of tellurium. — Tellurium combines with fluorine 
with incandescence to form colourless gaseous tellurium hexafluoride 
TeF 6 , and tellurium oxyfluoride, Te0F 2 ,IH 8 0, is formed in white crystals 
by the action of anhydrous hydrofluoric acid on Te0 2 . The hexa- 
fluoride is only slowly hydrolysed by water: TeF fl -i (>H a 0=f>HF + 
H 6 TeO 0 (telluric acid). Excess of chlorine forms with tellurium the 
stable white crystalline tellurium tetrachloride TeCl 4 , vgry hygroscopic 
and hydrolysed by water: TeCl 4 + 2H a O = Tc0 2 4 4H01. The vapour 
is stable at 530°. On heating TeCl 4 with tellurium, black solid tellurium 
dichloride TeCl 2 is formed. TeCl 4 and hydrochloric acid form H 2 TeCl 6 , 
salts of which (e.g. K 2 TcCl 6 ) are isoinorphous with corresponding 
stannic, plumbic and platinic compounds and with K 2 SiF 6 . 


Tellurium forms a dibromide TeBr a and tetrabromide TeBr 4 , and (unlike sul- 
phur and selenium) a tetraiodide Tel 4 , formed from the elements in iron-grey 
crystals and also in solution by the reaction TeO a + 4HI~Tel 4 + 2H a O. 
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Oxides of oxyacids of tellurium. — Tellurium forms the oxides TeO, 
Te0 2 and Te0 3 ; tellurous acid is known as salts, the tellurites, e.g. 
K 2 Tc 0 3 ; ordinary telluric acid is H 6 Te0 6 . 

Black tellurium monoxide TeO is formed by heating STe0 3 (see below) 
in vacuum at 230° : STe0 3 ~ TeO -f S0 2 . With concentrated sulphuric acid 
it forms white crystals of tellurium sulphate : 2ToO + 3H 2 S0 4 = Te(fcJ0 4 ) 2 -f 
STe0, + 3H I 0. 

The wliite crystalline solid tellurium dioxide Te0 2 , formed by burning 
tellurium in air or oxygen, or by evaporation with nitric acid and 
heating the basic nitrate 2Te0 2 ,RN0 3 , is only sparingly soluble and has 
no acid reaction. It dissolves in alkalis forming tellurite# , e.g. K 2 Te0 3 , 
from which acids precipitate a hydrated form called tellurous acid , which 
reddens litmus. Tellurites are also formed by fusing Te0 2 with alkalis 
or alkali carbonates. The formation of the basic nitrate 2Te0 2 ,HN0 3 
or Te 2 0 3 (0H)N0 3 (rhombic crystals) by evaporating tellurium or the 
dioxide with nitric acid, shows that TeO a is amphoteric. 

Tellurium trioxide Te() 3 is an orange-yellow powder formed on boating 
telluric acid. It decomposes when strongly heated : 2Te() : , — 2TeO s -t 0 2 . 
It is insoluble in water, but telluric acid is formed in other ways. 

Telluric acid is best prepared by dissolving tellurium powder in aqua 
regia, adding chloric acid in small portions, evaporating in vacuum, 
precipitating with nitric acid, and rccrystallising from water. It forms 
white crystals of the composition H 6 TeO e> in t wo crystalline forms, 
cubic and monoclinic. Telluric acid is sparingly soluble in cold but 
readily in hot water. It is a weak acid. 

The molecular weight in solution corresponds with ll 4 Te() 6 , and thin 
plat os of the crystals, unliko true hydrates (e.g. CuS0 4 ,5H 2 0) are not 
permeated by water vapour. The methyl ester Te(OCH 3 ) 6 and silver salt 
Ag e TeO e are known, hence the acid is H e Tc() e and not TI 2 Te0 4 ,21I 2 0. The 
X-rays show that the TeO e radical is octahedral. Below 10° the solution 
of telluric acid deposits the hydrate H 2 Te0 4 d>Il 2 0. 

On heating H # To() e in a sealed tube at I40 fj it forms allotelluric acid 
<H 2 'I ' l eC) 4 ) >r , a fairly strong acid. At 1 00 -220‘ I l e Te()„ loses water and forms 
a white powder of mctatcllurie acid (H 2 Te0 4 ) n . 

The tellurates are formed by fusing tellurites with potassium nitrate 
or passing chlorine into alkaline solutions of tellurites : 

K 2 Te0 3 + 2KOH + Cl.. - K 2 Tc0 4 + 2KCI + H 2 0. 

They are not isomorphous with sulphates or selenates. Some tellurates 
exist in two forms, a colourless salt soluble in water and acids and a 
yellow insoluble form. Normal, acid, and superacid salts are known : 

K 2 TeG 4 ,5H 2 0, K 2 Te 2 0 7 ,4H 2 0, K 2 Te 4 0 13 ,4H 2 0 
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(cf, chromates and poly chromates). Tellurates are reduced to 
tellurites by boiling hydrochloric acid : 

K 2 Te0 4 f 2H0U K 2 Te0 3 t Cl 2 4 H 2 0, 


and (unlike selenates) are easily reduced to tellurium by sulphur 
dioxide. Barium tolluratc BaTe0 4 ,3H 2 0 is fairly soluble in 
water. 


Tellurium dissolves in warm concentrated (especially in fuming) 
sulphuric acid to a cherry-red solution, and from tellurium and sulphur 
trioxide the red solid STe() 3 (analogous to the blue S 2 0 3 and green 
SSe0 3 ) is formed. When fused with potassium cyanide tellurium does 
not form a compound analogous to KONS or KCNSe, but only the 
telluride K 2 Te. 

The atomic weight of tellurium. — The anomalous positions of iodine 
and tellurium in the periodic system led to the suspicion that tellurium 
might contain an unknown element of higher atomic weight. 


Brauner (1889) attempted to separate this, and found that tho atomic 
weight was considerably higher when tellurium was merely fused in an 
indifferent gas than when it was distilled in hydrogen. This has not boon 
confirmed. 

H. B. Baker and A. H. Bennett ( 1 907 ) at tempted to separate the supposed 
constituents: (1) by fractional crystallisation of telluric acid; (2) by 
boiling barium tellurate with water (the solubility increases in the series 
Batt0 4 —^ BaSe0 4 ~> BaTe0 4 ) ; (3) by fractional distillation of Te, Te(C 2 H & ) 2f 
TeCl 4 , and Tet) 2 ; (4) by fractional electrolysis of tellurium compounds ; 

(5) by fractional precipitation of TeCl 4 with water. 
The results were ail negative. By heating Te0 2 
with sulphur in a small tube (Fig. 270) tho reaction 
TeOg + S — Te -t- S0 2 oeeurrod, the excess of sulphur 
being kept back with silver foil. By this method, 
and the synthesis of TcBr 4 , the atomic weight 
Te— 127-6 was obtained, which is higher than the 
atomic weight- of iodine, 1-120*92. Flint (1909) 
claimed to have separated fractions from tellurium 
by method (5), but this was not substantiated by 
Harcourt and Baker. JTonigschmid (1933), from 
the ratio 4Ag : TeBr 4 , found Te - 127*59. There are 
several isotopes of tellurium, but iodine is a simple 
element and has only ono kind of atom. Hence the 
average atomic weight of the mixture of tellurium isotopes is higher 
than the atomic: w'eight of iodine. 

Structures of selenium and tellurium compounds. — The gaseous 
compounds SF 6 , SeF fl and ToF 6 contain molecules w T ith the same octa- 
hedral structure (p. 401), the observed bond lengths being S — F 1*67, 
Se — F 1*68, and Te — F 1-83, ail much smaller than the calculated. 
The physical states of the dioxides Se0 2 and TeO a suggest at once a 
different structure from gaseous SC) 2 , and this is confirmed by X-ray 



Fio. 270. — Atomic 
weight of tellurium. 
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examination. The selenium dioxide crystal contains long macromolecular 
zig-zag chains : 

0 0 

II !! 

• -O — Se — 0 — Se—O -Se -0- 

!l 

0 

the angles being Sc — 0— Sc 125", — 0 — Se—O — 98\ — 0 — Se 0 90°. 
Tellurium dioxide has quite a different structure, the lattice being like 
that of brookito, one form of titanium dioxide TiO„ and since this is an 
ionic lattice the more metallic character of tellurium is in evidence. The 
ion TeO/‘ of telluric acid has an octahedral structure like ToF e . 
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NITROGEN 

History. — In 1772 Daniel Rutherford allowed mice to breathe in air 
under a bell-jar and removed tho fixed air (C0 2 ) by washing the residual gas 
with caustic potash solution. A gas remained which did not support com- 
bustion or respiration but. unlike fixed air, was not absorbed by alkali or 
lime-water. Fries! ley ( 1 772) burnt charcoal in a confined volume of air and 
absorbed the fixed air with alkali, also obtaining a “ mephitic air ” which 
he called phlogisticated air. Both considered that the gas was common air 
saturated with phlogiston emitted by the animal or combustible body. 
Scheelo (1772) proved that air is a mixture of two gases, fire air which sup- 
ports combustion and respiration, and Joul air which does not. Lavoisier 
( 1775— B) gave a decisive proof of this, and called Scheelo’s gas azote (Greek a, 
no; zocy life), a name still used in France; the name nitrogen (Greek 
nitron , nitre) was suggested by Chupta) in 1790. 

Atmospheric nitrogen was considered to be a pure substance until in 1894 
Rayleigh and Ramsay found that it contains rather more than 1 per cent 
by weight of an inert gas which, unlike nitrogen, does not combine with 
heated magnesium. Tho inert gas, the existence of which had been in- 
dicated by Cavendish in 1785, was called argon (Greek argon, sluggish) ; 
later experiments by Ramsay and Travers showed that the atmosphere 
contains traces of other inert gases : helium, neon, krypton and xenon. 

Occurrence.— -Free nitrogen occurs in the atmosphere. The composi- 
tion of air freed from moisture and carbon dioxide is roughly 4 volumes 
of nitrogen to 1 volume of oxygen ; the exact figures (Ledue, 1896) are : 

By weight By \ olume 

Nitrogen - - - 75*5 78*06 

Oxygen - 23*2 21*00 

Argon, etc. ... 1*3 0*94 

The very nearly constant composition of dry atmospheric air was 
proved by Cavendish in 1783 (20*833 vols. of oxygen and 79*167 vols. of 
nitrogen and argon). Benedict (1912) and Carpenter (1937) found that 
the volume percentages of oxygen (20*939) and carbon dioxide (0*031) 
in uncontaminated air are very constant. 

The atmosphere usually contains in addition to the above substances, 
minute quantities of carbon monoxide (in towns), hydrocarbons, hydrogen 
peroxide vapour, sulphur compounds such as hydrogen sulphide, sulphur 
dioxide and minute droplets of sulphuric acid, chlorides (especially near the 
sea), inorganic and organic dust, and moisture. 
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Traces of free nitrogen occur in volcanic gases and in gases evolved 
from coal ; the gases from some springs may contain over 95 per cent 
of it by volume. 

Nitrogen combined with hydrogen forms the base ammonia NH 3 , 
occurring in the free state? and as salts in air, water, and volcanic pro- 
ducts. In combination with oxygen, nitrogen forms nitrous acid HN0 2 
and nitric acid HN(). { . Extensive deposits of sodium nitrate occur in 
Chile. Animal and vegetable organisms contain complex organic sub- 
stances called proteins, with an average' of 10 per cent of nitrogen. 

Preparation of nitrogen from air. — Nitrogen may be prepared : 
(a) from atmospheric air by removal of oxygen, ((>) from nitrogen com- 
pounds. Atmospheric nitrogen is not quite pure since it contains about 
1 per cent of inert gases, which give it a slightly higher density than pure 
nitrogen. 

Oxygen is removed from air (previously freed from carbon dioxide) 
at the ordinary temperature by the action of phosphorus, moist iron 
filings, liver of sulphur, etc. Phosphorus, alkaline pyrogallol solution, 
acid chrornous chloride solution, or a solution of cuprous chloride in 
hydrochloric acid or ammonia, remove atmospheric oxygen completely 
on stamVniy : 4( 1 u( 1 l + 4HG1 (X, - 4CuOI 2 * 2H 2 (). Metallic copper in 
contact with hydrochloric acid or ammonia may be used. 

A long glass tube sealed at one end and tilted with a rubber stopper is 
divided into six equul volumes In labels. A soiut ion of pyrogallol is poured 
in so as to occupy one division. A small piece of solid sodium hydroxide is 
slid into the upper part by means of crucible tongs, taking care that it does 
not fall into the liquid. The stopper is inserted 
and the tube shaken. The liquid becomes black 
owing to absorption of oxygen. The tube is 
opened under water : one of the remaining five 
divisions fills with water and four-fifths of the 
original volume of air remain as nitrogen. 

Oxygen is removed from air by burning 
phosphorus, but not quite completely. 

A porcelain capsule containing a piece of 
phosphorus is floated on water and covered with 
a stoppered hell-jar divided from the water 
level into five equal volumes by strips of waxed 
paper (Fig. 271). The phosphorus is kindled by 
a hot wire and the stopper is inserted. When 

the phosphorus ceases to burn the fumes of , 

phosphorus pentoxide r a () 3 dissolve lu the phorus m air. 

Water. When the apparatus has cooled the 

water levels are equalised. The residual gas occupies four volumes and 
extinguishes a lighted taper. 
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Oxygen is removed by slowly passing air, dried and freed from carbon 
dioxide by solid caustic potash, over a long length of clean copper 
turnings heated to bright redness in a hard-glass tube : 2Cu + 0 2 = 2CuO. 

If air is bubbled through a warm concentrated solution of ammonia 
and the gas passed over a mixture of copper turnings and copper oxide 
heated to redness in a hard glass tube, the hydrogen of the ammonia is 
burnt by the oxygen of the air (Vernon Harcourt) : 

4NH 3 + 30 2 = 2N S + 6H 2 0. 

The gas is a mixture of atmospheric and pure nitrogen, with a density 
intermediate between those of the two gases. 

Nitrogen is made on the large scale either by passing air over red-hot 
copper, or mostly by the fractionation of liquid air (p. 149). 

It should be noted that, as the boiling point of argon ( - 18t>") is closer to 
that of oxygon (- 183 ') than to that of nitrogen (- 196°), the nitrogen 
fraction contains very little argon ; it contains a little oxygen, which is 
separated when necessary in the laboratory by passing the commercial 
nitrogen over copper turnings heated to bright redness. 

The volumetric composition of air. — The oxygen in a measured volume 
of air may be removed by absorbents and the contraction measured. 

The most accurate method of finding the per- 
centage by volume of oxygen in air is to 
explode a measured volume of air with excess 
of hydrogen. This may be done in a eudio- 
meter over mercury (p. 42). The hydrogen 
unites with the oxygen to form water which 
condenses to a liquid of negligible volume, 
hence the volume of oxygen is found by taking 
one-third of the measured contraction. 

A convenient apparatus for gas analysis is 
the Hempel gas burette and absorption pipette shown 
in Fig. 272. 

The burette and its levelling tube are mounted 
on two wooden stands weighted with lead and 
cut so that the two tubes may be brought close 
together. Connection with the pipette is made 
by glass capillary tube and rubber pressure tub- 
ing and the burette is closed with a spring clip. 
Burettes with glass taps are also obtainable but 
Fig. 272 — Hempel gas are more expensive. The burette and capillary 

burette and pipetto. tube are filled with water and the sample of gas 
from the pipette is drawn into the burette and 
measured, water from the pipette being passed over to fill the capillary 
tube. The pipette is then filled with a suitable absorbent, re-connected 
with the burette and the gas passed into the pipette. After shaking the 
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gas is passed back into the burette and measured, if necessary the 
burette and pipette containing the gas sample may be tilled with mercury. 

Suitable absorbents are concentrated potassium hydroxide solution 
for carbon dioxide or sulphur dioxide, alkaline 
pyrogallol for oxygen, arrimoniaenl rupmus 
chloride for carbon monoxide and acetylene, 
ferrous sulphate solution for nitric oxide, 
bromine water tor ethylene. 

If gases are to be exploded (r.<y. a mixture of 
hydrogen and air or a hydrocarbon gas and 
oxygen), an explosion pipette (Kig. 273) fitted 
with platinum sparking wires is used, the gas 
being couliued over mercury. The gas and 
oxygen are measured separately in the burette 
and passed into the explosion pipette, in winch 
the mixture is sparked, the tap being closed 

and the pressure tubing on the pipette being closed by a strong screw clip 
and a piece of glass rod. 



The gravimetric composition of air*—' The determination of the com- 
position of air by weight is carried out by the method of Dumas and 
Boussingmilt ( 1 S4 1 ). 


A long hard-glass tube a b packed with bright copper turnings and fitted 
with a stopcock at- each end is evacuated and weighed, put in the furnace, 
and heated to bright redness, it is connected at one end with a large 
weighed vacuous globe Y closed by a stopcock and at- the other with a bulb 



Fig. 27-4.— -< Iravinietric composition of mr (Dumas and Boussmgault a 
apparatus, modified). 


of potassium hydroxide solution A and two U -tubes, one D containing 
solid potassium hydroxide and the other (’ (next to the tube containing the 
copper) calcium chloride, which remove carbon dioxide and moisture, 
respectively, from the air (Fig. 27t). 

The stopcocks arc slightly opened and air is allowed to pass slowly over 
the heated copper, when the oxygen is absorbed to form copper oxide and 
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the nitrogen passes into the vacuous globe. When the globe is full of nitro- 
gen the stopcocks are closed and the apparatus allowed to cool. The globe 
is weighed and thus the weight of tho nitrogen found. The tube containing 
the copper and copper oxide is now weighed. The nitrogen in this tube is 
removed by a pump and the vacuous tube again weighed in order to find tho 
weight of this nitrogen, which is added to that in the globo. Tho increase 
in weight of the vacuous tube gives tho weight of oxygen. The nitrogen as 
weighed contains the argon and other inert gases. These can bo determined 
by a separate experiment (see p. 901). 

Dumas and Roussingault found that air contains 23 00 por cent of oxygen 
and 77*00 per cent of nitrogen (and argon), by weight. 

Air is a mixture not a chemical compound. — That air is a mixture 
(really a solution) and not a compound of oxygen and nitrogen follows 
from the facts given below : 

(i) Although Ihe composition (when freed from water and carbon 
dioxide) is vat rig constant it. is not quite so, whereas every compound 
has a definite composition. The atomic ratio is also not simple hut 
N 79 0,r 

(ii) The constituents of air may be partly separated by diffusion 
{al mol g sis) through a porous pipe-clay tube into a vacuum, when the 
nitrogen passes through more rapidly than t he oxygen. 

(iii) The constituents of air may be separated by the fractional dis- 
tillation of liquid air. 

(iv) When air is shaken with water the dissolved part is richer in 
oxygen than the undissolved part. 

(v) When oxygen and nitrogen are mixed there is no evolution or 
absorption of heat and all the properties of the mixture are inter- 
mediate between those of t he constituents. 

(vi) The relative density of air 14*4 (H -1) corresponds with that of 
a mixture of approximately 4N 2 i 0 2 ; that of a compound N 4 0 
would be 3d. 

Preparation of nitrogen from compounds, — Nitrogen is prepared in the 
laboratory by methods mostly depending on the oxidation of ammonia, 
the hydrogen being removed and the nitrogen set free. 

1. When chlorine gas is passed into, or bromine is added to, concen- 
trated ammonia solution, nitrogen is evolved : 

2NII 3 + 3C1 2 - 0HC1 + N 2 
H01fNH 3 -NH 4 Cl, 

the reactions with bromine being similar. 

Tn the ease of chlorine the reaction is vigorous, flashes of light being seen 
in a darkened room ; care should be taken to keep the ammonia in excess 
otherwise the very explosive liquid nitrogen trichloride N01 3 is formed 
(p. 525). 
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2. Instead of free chlorine a thin paste of 40 gm. of bleaching powder, 
containing calcium hypochlorite Ca(OCl) 2 , may he run through a thistle 
funnel into 100 nil. of concent rated ammonia solution warmed in a flask 
(explosions have been reported) : 

4NH,-f 3Ca(OCJ) 2 -3Ca.a 2 f 0H 2 O+2N 2 . 

Instead of bromine, sodium hypobromite solution (0 ml. of bromine 
freshly dissolved in a. cold solution of 10 gm. of sodium hydroxide in 
100 ml. of water) is dropped into concentrated ammonia solution : 

2NH 3 i 3Na()Br ~ 3NaBr < 3H,0 i N a . 

Nitrogen is also evolved by the action of alkaline hypobromite 
solution on urea : 

CO(NH 2 ) 2 ..3Na0Br--( , 0 8 4-N a + 2H 2 () t 3NaBr. 

This gas contains a trace of nitrous oxide N.,0, which is removed by 
passing over red-hot copper. 

3. When red crystals of ammonium dich ruinate are gently heated 
they decompose violently with flashes of light, nitrogen and steam are 
evolved and a voluminous green residue of chromic oxide is left : 

(NH 4 ) 2 O 3 0 7 -N 2 . 4H 2 () < CVjjOj. 

4. r rhe most convenient method of preparing nitrogen is to heat a 
solution containing ammonium nitrite, made by dissolving cqui- 
molccular amounts of sodium nitrite* and ammonium chloride or sulphate 
in water : 

XH 4 N0 2 -N, ! 2H 2 0. 

The gas evolved is washed v ith dilute sulphuric acid to remove ammonia, 
and collected over water. 

The reaction may become violent and the liquid froth considerably. A 
little potassium diehromate may be added to the reaction mixture to pre- 
vent the formation of nitric oxide. Since the reaction is stopped by making 
the solution just alkaline with ammonia, it is probable that free nitrous 
acid is the active agent . 

30 gm. of sodium nitrite dissolved in the smallest amount of cold water is 
mixed with a cold saturated solution of 22 gm. of ammonium chloride, and 
the liquid filtered. Two lots of a mixture of f» ml. of the solution and 20 ml. 
of water arc made ; one (A) is made faintly alkaline by a drop or two of 
0*880 ammonia and the other (B) is made faintly acid by a drop or two of 
dilute sulphuric acid. The two solutions are healed in small flasks on a hot 
plate : solution A may bn heated to boiling without appreciable decomposi- 
tion, whilst B evolves nitrogen freely. 

The main quantity of the mixed solutions of sodium nitrite and 
ammonium chloride is diluted with an equal volume of water and heated 
in a flask for the preparation of nitrogen. 
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5. Pure nit rogen is obtained by passing a mixture of nitric oxide and 
ammonia gas over red-hot copper : 

6NO {- 4NH 3 = 5N 2 {-m.fi. 

6. Very pure nitrogen is evolved on heating barium azide in an 

evacuated apparatus : Ba(N 3 ) 2 ** Ba 4 - 3N 2 . (This preparation does 

not involve an oxidation of ammonia). 

Nitrogen gas may be dried by calcium chloride, concentrated sul- 
phuric acid or phosphorus pentoxidc, and collected over mercury. 
Compressed nitrogen in grey cylinders may be bought ; it usually con- 
tains a little oxygen, which may he taken out by passing over copper 
turnings heated to bright redness. 

Properties of nitrogen. — Nitrogen is a colourless, odourless, tasteless 
gas, normal density 1-2507 gm./lit. (atmospheric nitrogen is 0*48 per 
cent heavier) : it does not support combustion or respiration, although 
it is not poisonous ; it does not turn lime-water milky. It is sparingly 
soluble in water and has no action on litmus. It is liquefied by strong 
cooling; critical temperature -147-13°, critical pressure 33*49 atm. 
The liquid is colourless, b. pt. -- ] 95-81°, density at b. pt. 0*8042, and on 
rapid evaporation under reduced pressure it forms a colourless ice-like 
solid, m. pt. -210-5786 mm. 

Nitrogen is an inert element, since the heat of dissociation of the 
molecule is very large, but it combines directly with hydrogen and 
oxygen on sparking, with lithium slowly at room temperature to form 
the nitride Li 3 N (more rapidly on heating), and with magnesium, 
calcium, strontium and barium at a red heat to form the nitrides M 3 N 2 . 
(It should be noted that sodium and potassium do not form nitrides in 
this way). Boron and aluminium form BN and AIN at a bright red heat ; 
silicon forms 8i 3 N 4 only at a white heat. Nitrides of many metals are 
formed by heating the finely divided metal, or a salt, in ammonia gas. 
Lithium nitride is decomposed by cold water, nitrides of alkaline earth 
elements by hot water, boron and aluminium nitrides on heating in 
steam. Ammonia and the oxide or hydroxide of the other element are 
formed : 

Mg 3 N 2 + 3H 2 0 - 3MgO < 2NH 3 . 

The formation of magnesium nitride may be shown by heating with a 
blowpipe flame some magnesium powder in nitrogen in the short limb of a 
bent hard glass tube over mercury. The mercury slowly rises owing to 
absorption of nitrogen. 

Active nitrogen. — An active form of nitrogen is obtained by subjecting a 
current of nitrogen, drawn through a tube at 2 mm. pressure, to a high 
tension discharge with a condenser in circuit (Fig. 275). The gas travelling 
beyond the discharge glows with a yellow light. Active nitrogen was 
discovered by Lord Rayleigh in 191 1 . A trace of oxygen, mercury vapour, 
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©to., is necessary in its production, al though an excess destroys it. Xt is 
without action on molecular oxygon or hydrogen, but with acetylene it 
yields hydrocyanic? acid. White phosphorus is converted into red phos- 
phorus, and sodium and mercury form compounds at 150 ', when exposed 
to the gas. Nitric oxide is decomposed into 
nitrogen and oxygen. 

Lord Rayleigh supposed that act ive nitro- 
gen is atomic nitrogen. Glowing nitrogen 
probably contains several varieties of the 
element, including the normal atom and 
atoms and molecules with various additional 
amounts of energy as compared with the 
normal unexcited states. Pieces of gold, 
silver, copper, or platinum become red-hot 
and even melt, when exposed to active 
nitrogen, without any chemical action on 
the metal. Debeau (11)42) found that the pressure of an enclosed volume 
of nitrogen at. 0*5 mm. pressure rose to nearly twice the initial value 
when the gas was subjected to an electrodeless discharge, indicating 
nearly complete dissociation of N a into atoms. The chemical activity 
seems to he flue to the atomic forms, and the production of the glow to 
collisions between various types of nitrogen atoms and molecules. The 
effect of traces of impurities (optimum about 0*1 per cent) in the produc- 
tion of the glow is attributed to their adsorption on the walls of the 
vessel, thus preventing recombination of nitrogen atoms by collision with 
the surface, in a flask coated with metaphosphonc acid the glow persists 
for several hours. 

Compounds of nitrogen and hydrogen. — Nitrogen forms three well- 
defined compounds with hydrogen : ammonia NH ;{ . hydrazine N 2 H 4 , and 
hy dr azoic acid N 3 H. 

Ammonia and hydrazine are basic substances, combining with acids 
to form ammonium and hydrazine salts ; e.g., NH 3 ,HC1 or NH 4 C1, 
N 2 H 4 ,HC1 or N 2 H 5 C1, and N 2 H 4 ,2HC1 or N t H,01 2 . Part of the hydrogen 
of ammonia and hydrazine may, however, he replaced by alkali metals, 
forming e.g. NaNH 2 and H 2 N*NHNa. Hydrazoie acid is an acid , dis- 
solving metals and forming salts, e.g, NaN 3 . It combines with ammonia 
and with hydrazine to form the compounds NH 4 N 3 (or N 4 H 4 ) and 
N 2 H 5 N 3 (or N 5 H 5 ), respectively. The ion N 3 ' is univalent. 

AMMONIA 

History. — Ammonium chloride NH 4 CI, called sal ammonia c, appears 
to have been obtained in the Middle Ages from volcanoes in Central 
Asia, or prepared in Egypt from the soot formed on burning camels’ 
dung. Gaseous ammonia was obtained by Priestley in 1774 by col- 
lecting over mercury ; be called it alkaline air and found that when 
sparked it increases in volume and a combustible gas is formed, Ber- 
thollet in 1785 showed that nitrogen and hydrogen were formed in 
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this decomposition: 2NH 3 - N 2 P 3H 2 ; the result was confirmed by 
Austin (1788), and the formula NH a was established by Davy (1800) and 
Henry (1809). 


Occurrence. — Traces of ammonia occur in the atmosphere : bottles 
containing hydrochloric acid become coated after a time with ammonium 
chloride. Ammonium chloride NH 4 C1, and sulphate (NH 4 ) 2 S0 4 , occur 
in volcanic* districts ; ammonia accompanies boric acid in the soffioni of 
Tuscany (p. fif>3). Small quantities of ammonium salts occur in plants 
and animals (e.y. in blood and in urine), in rock salt, in the soil, and in 
natural waters (as nitrite and nitrate). 

Preparation. — Ammonia is formed from its elements when these arc 
sparked together : N 2 -f 3H 2 2NH a (Regnault, 1840). lleville (1804) 
pointed out- that electric sparks both form and decompose ammonia. 
The reaction is reversible and a state of equilibrium is set up in which 
6 per cent of NH a exists with 94 per cent of the uneomhined gases. 
If the mixture NVf 3H 2 and pure ammonia, respectively, are exposed 
in eudiometers to prolonged sparking, contraction ensues in the 
first case and expansion, in the second until the volumes and 
compositions arc the same. Ammonia is also formed when a 
mixture of nitrogen and hydrogen is exposed to the silent electric 
discharge. 

In the laboratory ammonia gas is prepared by heating ammonium 
chloride with dry slaked lime : 

2NH 4 C1 + Ca(0H ) 2 =-CaCl 2 + 2NH 3 + 2H 2 0. 


A mixture of 50 gm. of powdered ammonium chloride with 150 gin. of 
powdered slaked lime ground in a mortar, is transferred to a 250 c.e. flask, 
which is then filled with small lumps of quicklime. A cork and delivery 
tube loading to a drying tower tilled with lumps of quicklime are fitted and 

the flask is healed on wire gauze. 
The gas is collected by upward 
displacement as it js lighter than 
air (Kig. 270). The jar is full 
when a piece of moist red litmus 
paper held near the mouth is 
turned strongly blue. Goncon- 
t rated sulphuric aeid reacts 
violently with the gas forming 
ammonium sulphate (NH 4 ) 2 8() 4 , 
and calcium chloride absorbs 
it forming a compound CaCl 2 , 

. . 8N Ho, hence those reagents ean- 

Pjo. 270. — Preparation of ammonia gas. . . 

1 not lie used to dry ammonia. 

Quicklime or pieces of potassium or sodium hydroxide may be used. 
Phosphorus pentoxide reacts with ammonia gas unless it is already very 
dry and pure. 
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Ammonia is evolved on heating ammonium sulphate, inicroeosmic 
wait, or ammonium phosphate : 

(NH 4 ) 2 S0 4 -NH 3 4 nh 4 hso 4 

NH 4 NaHP0 4 = NH, cHX) 1 NaPO., (sodium metaphosphate) 
(NH 4 ) ;i P0 4 -3NH, f H a 0 i H P0 :l , 

but these are not convenient methods of preparation. It is also formed 
when ammonium salts are heated with a solution of sodium hydroxide : 

(NH 4 ),S0 4 f 2Na()H-Na a K0 4 r 211,0 < 2NH,, 
or when ammonium chloride is heated with litharge, when an oxy- 
chloride of lead PbOI 2 ,7PbO remains : 

2NH 4 (/1 4- KPbO — P»)(Jl a ,7PhO 2NH.J , H 2 0. 

A convenient method of obtaining ammonia gas in small quantities is to 
warm the concentrated aqueous solution ( lujuor ntnmoniae fort is, sp. gr. 
0-880) in a flask ; the gas is dried with quicklime. This is not of course 
strictly speaking a preparation of ammonia. 

Ammonia is formed by the reduction of some oxygen compounds of 
nitrogen. A mixture of hydrogen and nitric oxide, a higher oxide of 
nitrogen (hut not nitrous oxide) or even nitric acid vapour, passed over 
heated platinum, is reduced to ammonia : 

2X0 + r>H 2 = 2NH. { i 2H,0. 

Reduction may be effected by nascent hydrogen. Dilute nitric acid in 
presence of dilute sulphuric acid is reduced by zinc to ammonium 
sulphate : HNO, -t 8H =NH :} -} 3H,0 Sodium nitrate, or more readily 
sodium nitrite, is reduced by zinc and hot sodium hydroxide solution, 
giving pure ammonia. Aluminium may ho used instead of zinc, but 
nitrates are most easily reduced in alkaline solution by powdered 
Devarda’s alloy, containing 45 parts of aluminium. 50 of copper and 
5 of zinc. This method is used for the determination of nitrates or 
nitrites, the ammonia being distilled into standard acid. 

Ammonia is evolved on heating organic matter containing nitrogen 
(horn, bones, etc.) with stria -lime (prepared by slaking quicklime with 
sodium hydroxide solution and heating till dry), and ammonium sulphate 
is formed when organic matter containing nitrogen is heated for some 
time with concentrated sulphuric, acid {Kjddahis method for the determina- 
tion of nitrogen). 

Properties. — Ammonia is a colourless gas lighter than air, normal 
density 0*7708 gm./lit. (Moles, 1034, found 0*7714), and fairly easily 
liquefied by cold or pressure, forming a colourless liquid, b. pt. -33*4°, 
freezing at a low temperature to an iee-like solid, m. pt. -77*7°. The 
critical temperature is 132*5°, the critical pressure 112-3 atm. The 
liquid may be obtained by cooling with a mixture of ice and crystalline 
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calcium chloride ; it is produced on a large scale by compressing the gas 
into steel coils cooled with water and is sent out in steel cylinders as 
anhydrous awntonia. The gas lias a characteristic pungent smell, and is 
readily soluble in water ( 1 1 IS vols. in I vol. of water at 0 ' and 730 at 20°), 
The solubility of ammonia in water obeys Henry’s law only above 100° : 
all the gas is expelled on boiling a solution. 

The solubility of ammonia gas may be demonstrated by the “ fountain ” 
experiment (Eig. 125), red litmus solution being used, which is turned blue 
by tho ammonia, which is alkaline. 

The aqueous solution of ammonia is prepared by passing the gas into 
cold distilled water ; the flask must be kept cool by running water over 
the outside since a considerable amount of beat is evolved. The liquid 
also expands considerably. 


Specific gravities L)}j’;-J of aqueous ammonia at 15-5°. 


Sp. gr. 



O' TSJl I 

*Sp. gr. 


%NIb, 

0*875 



3(i 90 
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35*20 

0-900 


9*95 

0*890 
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0*990 
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hydrogen peroxide. 

It has been supposed that ammonia, solutions contain ammonium 
hydroxide, NH 4 ()H, a weak base of the same strength as acetic acid (p. 300), 
together with free NH 3 : NH 4 OH Nllf j Oil'. Tho weakness of NH 4 OH 
(also of amines) may be due to removal of Oil' ions, by the lone pair of 
electrons on tlie oxygen forming a covalent link with the hydrogen attached 
to nitrogen : 

[R 3 NI1] + -i OH" = KjN T H - OH (R- CH„ C 2 H 6 , etc.). 

Quaternary ammonium hydroxides, with no H attached to N, cannot 
form such covalent compounds and are powerful bases : [R 4 N| f r OH“. 

Ammonia is soluble in alcohol : 1 litre of alcohol dissolves J30 gm. of 

NH 3 at 0°. 

If ammonia gas is passed over heated })otassium or sodium, one- 
third of the hydrogen is replaced by the metal, and potassamide KNH 2 , or 
sodamide NaNH 2 , is formed. IT esc are white solids when pure. They 
contain the univalent amino group, -NH 2 . 
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Pass ammonia, dried over quicklime or caustic soda, over a pioeo of 
potassium heated in a hard -glass bulb tube. The metal boils, emitting a 
green vapour, and reaetion them begins. The hydrogen evolved may be 
kindled at the end of the tube, and a, brown mass of impure potassamide is 
left in t lie 1 ube : 2K i 2N1I., 2KN1F IL. 

The alkali metal amides are violently decomposed by water, with 
evolution of ammonia : NaNH 2 i HOH -NaOH +NH 3 . 

The bivalent imino-group --Nil is known m organic* compounds and* in 
tho orango-red solid explosive load imide, PbNH, formed from potassamide 
and lead iodide in liquid ammonia : 

Pb] 2 i 2KNJI 8 -J>bNll t 2K1 { X1F,. 

Ammonia is not combustible in air and does not support combustion, 
but the flame of a taper before* it is extinguished in the gas is sur- 
rounded by a large greenish-yellow tiame, clue to decomposition of 
ammonia by heat : 2N H. { -N 2 -j 3H 2 , and combustion of the hydrogen. 
Ammonia gas burns in oxygen with a greenish -yellow ilame, and a 
mixture of ammonia and oxygen explodes 
when kindled : 4NH , 4 30 2 =-(>H 2 0 4-2N L> . 

Pass a current >f ammonia through a tube 
surrounded by a wider tube through which 
oxygen is passing (Fig. 277). If a lighted taper 
is held over the tubes, the ammonia burns with 
a large, three-coned, yellowish (lame. 

In contact with healed platinum, a mixture 
of ammonia gas and air or oxygen is eatalyti- 
cally oxidised to nitric oxide. 

Pass oxygen through a little concentrated 
ammonia warmed in a 200 ml. conical flask, and 
suspend a red-hot spiral of platinum wire 111 the p> 1( , 277 — Combustion of 
flask. The mixture of ammonia and oxygen ex- ammonia m oxygon, 
plodes feebly : 4Nil 8 4 30, ~ttll a O i 2N 2 . The 

wire cools owing to combustion ceasing, but after a short time tho wire 
again becomes red-hot, and there is another explosion when the gas 
mixture is renewed. During oxidation without explosion, rod oxides of 
nitrogen and white fumes of ammonium nitrate are formed : 

4N1I 3 t r>o 2 4NO + «h 8 o 
2ND 4 - C 2 2NO.> 

4N0 2 4* 0 2 4- 2H 2 0 t 4NH, -4NH«N0 a . 

A jet of oxygen can bo made to burn under the surface of the ammonia 
solution. 

According to Sclilumberger and Fiotrowski (1914) mixtures with air 
containing 10-5 to 29*8 per cent ammonia can bo exploded by an electric 
spark in a spherical glass vessel. Perl and Bauseh (1929) found that only 
the mixture with 21*9 per cent ammonia (4Nll s -t 3Q a ) can be exploded by 
s 
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a heated silver wire in a metal container at atmospheric pressure : at higher 
pressures, mixtures on both sides of this composition are explosive. 

Ammonia gas may be detected (1) by its smell, (2) by the blueing of 
moist red litmus paper, (3) by the white fumes of ammonium chloride 
formed around a glass rod dipped in concentrated hydrochloric acid, 
(4) hv blackening a piece of paper dipped in mercurous nitrate 
solution. 

Ammonia gas reduces many heated oxides of metals (e.g. OuO, PbO ; 
with copper oxide some nitric oxide is also formed, see p. 5 19). 

3PbO + 2NH 3 = 3Pb i N 2 +3H 2 0. 

Ammonia is readily absorbed by calcium to form Ca(NH.,) 6 and by 
dry silver chloride forming the compounds Ag( 3,3NH a and 2AgCI,3NH 3 . 
If the silver compound in one limb of a bent sealed tube is gently heated, 
liquid ammonia collects in the other limb immersed in a freezing mix- 
ture. On allowing the silver chloride to cool the ammonia is reabsorbed. 
Ammonia forms compounds with many other metal salts : these usually 
decompose easily on wanning, evolving ammonia. 

Ammonia is not easily decomposed by beat, especially if diluted with 
an indifferent gas. It is decomposed by ult ra- violet light and by radium 
emanation. 

The composition of ammonia, — On prolonged sparking of ammonia gas 
in a eudiometer it is decomposed into nitrogen and hydrogen, and the 
volume is nearly doubled (a little ammonia remains undecomposed, see 
page 511). If oxygen is now added and a spark passed, or if the 
mixture is passed over palladium at 200°, water is formed and two- 
thirds of the contraction is equal to the volume of the* hydrogen. 
(The composition of ammonia cannot be determined by exploding 
the gas with oxygen, since part of the nitrogen, up to JO per cent, is 
also oxidised.) 

Twenty e.c. of ammonia expanded to 40 c.c. on sparking. Oxygen 
was added till the volume was 157 c.c. After passing a spark the volume 
was 112 c.c. contraction on explosion with oxygen =45 .*. volume of 
hydrogen ~ f x 45 = 30 volume of nitrogen -- 40 - 30 = 10. Thus 1 vol. 
of nitrogen H 3 vols. of hydrogen =2 vols. of ammonia. 

From Avogadro’s hypothesis, it follows that 1 molecule of nitrogen 
and ,3 molecules of hydrogen form 2 molecules of ammonia. Hence 1 
molecule of ammonia contains \ a molecule (1 atom) of nitrogen * and 
2 molecules (3 atoms) of hydrogen, and the formula is NH ;t . This may 
be confirmed by the density of the gas. which shows that the molecular 
weight is 17. 

* The ratio of specific heats of nitrogen and of hydrogen, c p /c,„ is 1*40, the 
value for a diatomic gas, and if the atomic weights are known the densities lead to 
the formulae H 2 and N 2 . 
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On electrolysis of a mixture of 10 vols. of saturated sodium chloride 
solution and I vol. of concentrated (sj). gr. 0-880) ammonia solution, 
1 vol. of nitrogen gas is evolved from the anode and 3 vols. of hydrogen 
from the cathode. 


The volumetric composition of ammonia may be demonstrated by 
Hof mann 's ex peri meat, 

A long tube (Fig. 278) is divided below the stopcock into three equal 
volumes by rubber bands and is filled with dry chlorine. The tube 
above the stopcock is one-third Jilted with con- 
centrated ammonia solution, which is cautiously 
added in small portions to the chlorine, the 
tube being cooled by water. Each addition 
of ammonia reacts with a yellowish-green flame 
and the formation of white clouds of ammonium 

chloride 2 NH, 3( V <>U0U N, 

71 ( '1 . Nir.,- NJI.CI. 

The fumes are unshed down by shaking and 
dilute sulphuric acid is added to fix the excess 
of ammonia. 

The tube is cooled bv immersing in a large 
cylinder of water and the upper part above the 
tap is fitted with a cork and siphon tube dipping 
into water, the whole being filled with water. 

On opening the tap water runs into the long tube 
and it is found that the residual nitrogen occupies 
1 vol. 

The 3 vols. of chlorine have combined with 3 
vols. of hydrogen from the ammonia to form HOI, 

1 vol. of nitrogen is combined in ammonia 
with 3 vols. of hydrogen. Hence the formula 
is (NH In this case a density determination is required to show 
that .r~ i. 




Fir,. 278.- -V T ohiinotric 
•(imposition of ammonia 


In the gravimetric analysis a measured volume of dry ammonia gas, 
the weight of which under the given conditions may be calculated from 
the density, is passed slowly through a hard glass tube containing red- 
hot copper oxide followed by copper turnings heated to bright-redness 
to reduce oxides of nitrogen : 

3CuO + 2NH 3 ~ 30u i JSU 3H 2 0 
5CuO + 2NH 3 - f>Cu f 2N0 + 3H 2 0 
2Cu +2NO-2CuO tN 2 . 

The water formed is collected in weighed calcium chloride tubes and the 
weight of hydrogen calculated. The nitrogen passing on is collected in 
a weighed exhausted globe. In this way the weight ratio N : H is 
found to be 14 : 3. This is in the ratio of 1 atom of nitrogen to 3 
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atoms of hydrogen, hence the formula is (NH^. The volume of 
nitrogen collected occupies half the volume of the ammonia taken (pres* 
sure and temperature being the same), hence # = 1. The formula is 
confirmed by a density determination. (The apparatus of Fig. 274 may 
be adapted to this experiment.) 

The manufacture of ammonia. — Ammonia (and ammonium salts) are 
made on the large scale by three processes. 

1. From the ammoniacal liquor obtained as a by-product in tho manu- 
facture of coal gas or the carbonisation of coal in recovery coke-ovens. 

Most of the ammonia is now made from atmospheric nitrogen : 

2. by the cyanamide process, 

3. by direct, synthesis from nitrogen and hydrogen. This is the most 
important method. 

By-product ammonia. — Ammonium salts, especially ammonium 
sulphate, are recovered as by-products in the manufacture of gas or coke 
from coal. Bituminous coal contains about 1 per cent of combined 
nitrogen, part of which is recovered in carbonisation, mainly as 
ammonia although a little hydrocyanic acid, HON, is present. The 
average yield of ammonia in gas-works and coke-ovens is 20-25 lb. of 
ammonium sulphate per ton of coal, less than 20 per cent of the 
nitrogen in the coal. Most of the nitrogen remains in the coke, and 
a total recovery of 60 per cent of the nitrogen in t ho fuel may be 
obtained by carbonising in a current of steam or by blowing steam 
through the coke. 

Ammoniacal liquor contains tar and organic compounds, free ammonia, 
anti ammonium salts of two kinds : (1) Volatile, decomposed by boiling 
alone, e.y. ammonium carbonates, sulphide and hydrosulphide, cyanide, 
and acetate(?) ; (2) Fixed, not decomposed by boiling but decomposed by 
lime, <?.</. ammonium sulphate, sulphite, thiosulphate, thioourbonate, 
chloride, thiocyanate, and ferroeyanide. The total ammonia may be about 
17 gin. per litre. 

The ammonia is recovered by means of ammonia stills, in which the 
liquor is heated by steam to drive out the free and volatile ammonia, 
and the residue is then treated with milk of lime and additional steam 
to decompose the fixed salts : 

nh 4 hs^nh 3 +h 2 s 

2NH 4 C1 + Ca(OH ) 2 - 2NH 3 + CaCl 2 + 2H 2 0. 

A typical still is shown in Fig. 279. It consists of an iron column con- 
taining perforated plates, the holos being covered with caps. In the 
upper part the ammoniacal liquor is treated with steam passed in at the 
base, and ascending through the column to drive out the volatile ammonia ; 
most of the steam is condensed in the upper part. Milk of lime is added in 
the middle part, and the sludge allowed to pass out at the base. The 
ammonia set free by the lime is driven out by the steam. 
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The ammonia is bubbled into 60 per cent sulphuric acid in a lead- 
lined tank, whon crystals of ammonium sulphate separate ; these after 
draining contain 93-99 per cent of 
(NH 4 ) 2 S0 4 with a little tarry matter 
and free acid. If the ammonia gas is 
passed through a washer containing 
milk of lime to remove hydrogen sul- 
phide, and thon through charcoal or 
a heavy oil washer to remove tarry 
matter, it may be dissolved in water 
to form a solution. Usually 25 per 
cent liquor ” is made ; the special 
strong liquor of density 0-88U (35 per 
cent NH 3 ) requires very careful cooling 
in its preparation. The ammonium 
sulphate is nearly all used in agricul- 
ture as a fertiliser. 

Attorn] its have been made to ro- 
cover ammonia from crude coal gas by 
passing it through sulphuric acid without previous deposition of ammoniacal 
liquor. This direct process is worked in connection with coke-ovens. 

The cyanamide process. — In this process nitrogen gas is passed over 
crushed calcium carbide, heated at 1 100° by carbon rods heated electri- 
cally inside drums of carbide, or by raking the carbide mixed with some 
calcium chloride or fluoride continuously through a furnace heated 
with electric arcs. Calcium cyanamide mixed with graphite is formed 
as a dark grey mass called “ cyanamide ” or k nitrolim ” : CaC 2 -l N 2 = 
0aCN 2 4 C. 

Calcium cyanamide is a derivative of cyanamide, the amide of cyanic 
acid ( i.c . cyanic acid in which hydroxyl is replaced by the amino-group) : 

OHCN NH.,(\\ T CaN-CN 

Cyanic acid Calcium ejanamide 

When calcium cyanamide is heated with water under pressure, 
calcium carbonate and ammonia are formed : 

CaCN 2 + 3 H 2 0 - CaCO :} f - 2NH 3 . 

The “ cyanamide ” is agitated with cold water to remove unchanged 
carbide, and then stirred wuth water and a little sodium carbonate in large 
iron autoclaves (i.e. pressure digesters) into which steam is blown until the 
pressure rises to 3-4 at in. The pressure then rises automatically to 12-14 
atm. owing to production of ammonia, which is blown off with some steam 
through condonsers, the solution formed being heated in a still with steam 
to drive out the ammonia gas. 

Finely-ground k ‘ cyanamide ” is also used directly as a fertiliser, decom- 
position with formation of ammonium salts taking place in the soil. 
Calcium cyanide is produced by fusing “ cyanamide ” alone or mixed 
with common salt in an electric furnace : (Yif’N.. + (' --- (5i(CN) 2 . By the 
action of dilute sulphuric acid on “ cyanamide ” urea is formed : 

NC-NH a + H a O CCMNHals. 
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Synthetic ammonia. — The direct combination of nitrogen and 
hydrogen is used on the technical scale in the Haber process ( 1 905) for 
the synthetic production of ammonia. Since the volume decreases 
in the reaction: N 2 i 3H 2 -2NH ? , the amount of ammonia formed 

in equilibrium will increase with 
the pressure. Heat is evolved in 
the reaction, hence the amount of 
ammonia in equilibrium will de- 
crease with rise of temperature. 

The mixture of nitrogen and hy- 
drogen, which must he very pure, is 
circulated by pumps under 100-200 
atm., or 1000 atm. pressure in 
Claude's process, over a heated cata- 
lyst (500"), which may be iron with 
l “ promoters,’' usually aluminium 
oxide and potassium oxide. The 
ammonia, formed in each circulation 
is removed by cooling and lique- 
faction under pressure, or by ab- 
sorption i»i water. The argon in 
the atmospheric nitrogen is blown 
oil from time to time with some of 
the mixture of nitrogen and hydro- 
gen. The percentages of ammonia 
by volume present in equilibrium at various temperatures and pres- 
sures are given in the table below. 

When the plant is working at an economical rate, the gas does not remain 
in contact with the catalyst, long enough to allow equilibrium to he reached, 
so that the conversions are. smaller than these. The same considerat ions as 
to the effect of temperature on equilibrium and react ion velocity apply here 
as in the case of the manufacture of sulphur trioxide (p. 471). 
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3*85 

25 

47 

80 

450 

2*1 

16*5 
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500 
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26-4 
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0*76 

6*8 

10 

41 
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0*5 

4*5 

14 

31*5 

700 

0-23 

2-2 

7*3 

13 

The hydrogen 

is prepared 

cleotroiytieally. 

or from water gas or 


liquefying the more condensible gases in eoke-ovon gas (p. 164). The 
nitrogen is obtained from air by liquefaction and fractionation. A mixture 
of N 2 4 3H 2 is also made directly from a mixture of producer gas, water 
gas, and steam by passing over a catalyst. 

The producer gas is mainly a mixture of carbon monoxide and nitrogen 
formed by passing air through a. mass of red-hot coke : 

(4N 2 -f O t ) H53C-4N,-! 2CO. 



Fig. 2<S0. — Synthetic* ammonia 
apparatus (diagrammatic). 
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Water gas is a mixture of hydrogen, carbon monoxide, and carbon 
dioxide, formed by passing steam through a mass of red-hot coke : 

C r 11,0-- CO ! H 2 

C i 2H*0--C'0* + 2JJ S . 

A suitable mixture of producer gas, water gas, and steam is passed over 
a heated catalyst consisting of ferric oxide with promoters (chromic oxide, 
etc.), when the carbon monoxide is nearly all removed by the reaction : 

( '() f H 2 O^CO,4 h,. 

The carbon dioxide and residual carbon monoxide are removed from the 
gas as described on p. 105, and the dry purified mixture of N* + 3H, is 
compressed and passed to the ammonia synthesis apparatus. 

The catalyst vessels are of chrome steel (hydrogen permeates heated 
carbon steel), internally heated by electricity. The ammonia may he 
liquefied for use in refrigeration plant, or dissolved in water, or converted 
into ammonium sulphate by the calcium sulphate process, in which 
ammonia gas is dissolved in a suspension of anhydrite (CaSC) 4 ) in water, 
and carbon dioxide is passed in : 

CaS0 4 + 2NH 3 +.11*0 1 CO, Ca0O 3 i (NH 4 ) 2 S0 4 . 

The solution of ammonium sulphate is filtered from the calcium carbonate 
and evaporated. Crystallised ammonium chloride is made from synthetic 
ammonia by the ammonia-soda process (p. 091). 

Hydroxylamine. — Hydroxy him ino NH.OH was discovered by Los, sen 
in 1 805. Its salts may be regarded as ammonium salts in which the 
ammonium radical NH 4 is replaced hv the hydroxylaminium radical 
NH.j(OH). They are often formulated as addition compounds of 
hydroxylamine and the acid, r.g. NH 2 OH,H(1 instead of NH 3 (OH)Cl. 
Salts of hydroxylamine are obtained by : 

1. The reduction of nitric oxide with nascent hydrogen : 

NO ♦ 3H -NH.OH. 

Nitric oxide is passed through flasks containing granulated tin and con- 
centrated liydrocliloric acid. Reduction occurs to hydroxylamine hydrochloride 
NH,OH,H(’l (or hydroxylaminium chloride NH a (OH)Cl) and amrnoninm 
chloride NH 4 CI. According to Divers, an aminonmm salt is not formed 
in complete absence of air. The solution is treated with hydrogen sulphide 
to precipitate tin ns sulphides, filtered, and evaporated to dryness. The 
residue is extracted first with cold and then with boiling absolute alcohol, 
which dissolves the hydroxylamine 1 but not the ammonium salt. Hydroxyl- 
amine hydrochloride is then precipitated from the alcoholic solution 
by ether. 

2. The reduction of ethyl nitrate by nascent hydrogen : 

C 8 H 6 N0 3 i «H = C 2 H 6 OH ! NH.OH i H.O. 

Thirty gm. of 0,11 - ( NO.,» J20 gm. oi granulated tin, and 40 gm. of HCl (sp. 
gr. 112) are mixed, when reaction occurs spontaneously. The solution is 
treated as in (1 ). 
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3. The electrolytic reduction of nitric acid (Tafel, 1902) : 

HNO, f- OH - NH 9 0H + 2H*0. 

A cooled lead anode is separated by a porous pot from an amalgamated 
lead beaker serving as a cathode, the whole being cooled by ice. Fifty per 
cent sulphuric acid is placed in each compartment, and 50 per cent nitric 
acid added drop by drop to the cathode compartment, llvdroxylamino 
sulphate (NH 2 01T)2,H 2 S0 4 is formed. Ry precipitating a solution of this 
with barium chloride, hydroxy lamine hydrochloride is formed : 

(N H 2 OH ) 2 ,H 2 S0 4 + BaC I 2 ~ 2{NH 2 OH,H 01 ) + BaS() 4 . 

4. The interaction of nitrites and acid sulphites in solution (Raschig, 
1887). The reaction occurs in three stages. If the hydrogen in the 
NH 2 group in hydroxylamine is replaced by the group S0 3 H or 
H’S0 2 *0 — , which is the radical of the sulphonic acid form of sul- 
phurous acid (p. 469) R*80 2 '0H, then hydroxyl amine monosulphonic acid 
NH(S0 3 H)*0H and hydroxylamine disulphonic acid N(80 3 H) 2 *0H are 
formed. In the reaction sodium hydroxylamine disulphonate is first 
formed, and this is then hydrolysed with the formation of sodium 
hydroxylamine monosulphonate and then hydroxylamine : 

(a) NaN0 2 -i 3NaHS0 3 - H ON(S() 3 Na) 2 4 Na 2 S0 3 + li 2 0 

(b) HON(S0 3 Na) 2 1 ll 2 0 - Fi()-NH(SO s Na) f NaH80 4 

(c) HO-NH(HOjNa) -1 H 2 0 HONH 2 + NaH80 4 . 

Sulphur dioxide is slvwly passed into a concentrated solution of 2 inols 
of commercial NaNOg and 1 mol of Na 2 G0 3 at - 2 \ with good stirring, 
until just acid. The solution, containing sodium hydroxylamine disul- 
phonate, is warmed with a few drops of dilute sulphuric acid, when hydrolysis 
to sodium hydroxylamine monosulphonate occurs. It is then kept at 9<F~ 
95° for two days, when hydrolysis to hydroxylaminium sulphate 
(NH 3 OH ) 2 iS0 4 occurs. It is neutralised with sodium carbonate, evaporatod 
to small bulk, and cooled, when Glauber's salt Na 2 SO 4 ,10H a O crystallises. 
The filtrate on further evaporation deposits hydroxylaminium sulphate, 
which is quickly recrystallised from water. 

Anhydrous hydroxylamine was prepared by Lobry (le Bruyn (1891) by 
adding a solution of sodium moth oxide in methyl alcohol (obtained 
by dissolving sodium in the alcohol) to a solution of hydroxylamine 
hydrochloride in methyl alcohol, filtering off the sodium chloride, and 
distilling under reduced pressure (40 mm.), when methyl alcohol first 
distils and then hydroxylamine : 

NH 2 OH,HCl 4 CH 3 ONa-NH 2 OH 4 CH 3 0H 4 NaCl. 

It also crystallises on cooling the filtered solution to - 18° (Lecher and 
Hofmann, 1922). 

Crismer (1890) prepared the compound of hydroxylamine with zinc 
chloride ZnCl t ,2NH s OH by boiling zinc oxide with hydroxylaminium 
chloride solution and distilled it at 120°, eithor alone or mixed with 



HYDROXYL AMINE 


xxixj 


525 


aniline. Uhienhuth (1900) heated hydroxylaminium phosphato at 135° 
under 13 min. pressure : 

(NH 3 0H) 3 P0 4 - 3NH 2 OH f H 3 P0 4 . 


Pure hydroxylamine forms colourless, odourless, very deliquescent 
scales or hard rhombic needles, sp. gr. 1 -35, m.pt. 33°. It may be distilled 
under reduced pressure (55°-58°/22 mm.) but explodes when heated at 
ordinary pressure. The vapour explodes at 6(F-70° in contact with air. 
The vapour density corresponds with the formula NH 2 OH. The solid 
slowly decomposes above 15°, evolving nitrogen, ammonia, and nitrous 
oxide ; solutions containing up to 60 per cent of hydroxylamine also 
slowly decompose : 

3NH s OH - N 2 + NH, t 3H a O 
4NH 2 OH = N 2 0 d 2NH 3 t 3H 2 0. 

The solution is a weaker base than ammonia : 

NH 2 OH + H 2 0 ^NH 3 OH* t OH' 

and precipitates hydroxides of many metals (Al, Z n, etc.). The salts 
are hydrolysed in solution. 

Hydroxylamine and its salts in solution act as powerful reducing 
agents. They precipitate red cuprous oxide from Folding's solution 
(p. 726), purple metallic gold from gold chloride, and in acid solutions 
reduce ferric to ferrous salts. The hydroxylamine is oxidised to 
nitrous oxide : 

2NH 2 OH + 40u0 = NoO -f 2Cu 2 0 i 3H,0 

2NH 2 OH i 4FeCl a — N 2 0 + 4Fe01 a ! 4H01 i H 2 0. 

In alkaline, solution, hydroxylamine oxidises ferrous hydroxide to 
ferric hydroxide and is reduced to ammonia : 

2Fe(OH ) a + NH 3 0 i H,0 - 2Fe(OH) a r NH 3 . 

The salts on heating with nitric acid evolve nitric oxide : 

NH.OH + HN0 3 - 2N0 + 2H 2 0. 

When mixed with a solution of a nitrite and acidified, they evolve 
nitrous oxide. Hyponitrous acid is formed as an intermediate product : 

H()*NH 2 I ON-OH = HO-N:N*OH f H a O -N 2 0 + 2H 2 0. 

Nitrous acid Hyponitrous acid 

In absence of water hydroxylamine can act as a very feeble acid : with 
lime it gives H()CaONH 2 , and with calcium (H 2 NO) 2 Oa, both explosive 
on heating. Fulminie add, (^N OH, on boiling with liydrochloric acid 
gives hydroxylamine. If a solution of a hydroxylamine salt is mixed 
with sodium nitroprusside solution and a little sodium hydroxide, a red 
colour appears on heating (test). 

Nitrogen trichloride. — Dulong ( 1 S 1 1 ) by the action of chlorine on a 
solution of timmonium chloride obtained a yellow oil which was violently 
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explosive. He lost an eye and three fingers in the research . Dulong did 
not publish his work ; an abstract of it by Thenard and Berthollet 
appeared later. In the meantime Davy ( I K 1 3 ) obtained the compound 
by the same method, and concluded that its formula was NC1 4 . Balard 
(1834) prepared it by the action of hypochlorous acid on ammonia, and 
Kolbe (1847) found that it separates at the anode in the electrolysis of 
ammonium chloride solution at 28°. The substance is nitrogen tri- 

chloride, NCI, : NH 3 + 3CI 2 =- NCI, + 3HC1 

NH, + 3HOCI = NCI, + 3H,0. 


Nitrogen trichloride may be prepared by inverting a flask of chlorine 
over a 25 per cent freshly-prepared solution of ammonium chloride, a 
lead saucer being placed under the mouth of the flask (Fig. 281). 

(According to Noyes, ammonium 
sulphate solution gives better re- 
sults than ammonium chloride.) 
The chlorine is absorbed mid oily 
drops of nitrogen trichloride float 
on the surface of the solution. 
These fall into the lead saucer, 
which should be removed when a 
httlo liquid has collected in it. 
if a little turpentine is passed by a 
long pipette into the flask, covered 
with a strong box. a violent ex- 
plosion results, the glass being 
completely shattered. The drop 
of oil in the dish also explodes 
violently when touched with a 
feather dipped m turpentine. 
This experiment is dangerous and 
should not be made by a student. 

A solution of nitrogen trichloride 
in benzene is formed by acidifying a solution of bleaching powder with 
hydrochloric acid, adding ammonium chloride, and shaking with benzene. 

Nitrogen trichloride vapour has an irritating smell and attacks the eyes ; 
the sp. gr. of the liquid is 1*65, it freezes below ~ 40° (Davy). The liquid 
explodes when heated to about 100 by shock, in direct sunlight, and in 
contact with phosphorus, many oils (including turpentine), fused caustic 
potash, phosphine, rubber, and nitric oxide. 
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-Proparation of nitrogen 
trichloride. 


Gattcrmann (1888) found that the oil has the formula NC1 3 if the 
action of chlorine is prolonged, but the chlorination of ammonia pro- 
ceeds in three stages : 

NH S + Clo = NHoCl (monochloramine) + HC1 
NH 2 C1 + Cl 2 - NHC1 2 (dichloramine) HC1 
NHGlo + Cl 2 - NC1 3 ( trichloramine ) + HOI. 

The analysis was carried out by decomposing with ammonia : 
NC1 3 + 4NH 3 = N 2 -t 3NH 4 C1, and precipitating the chloride with silver 
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nitrate. The percentage of chlorine was found to be 89*1 ; NC1 3 
requires 89*17. 

Monochloramine N-H 2 ( '1 is formed as unstable colourless crystals, m. pt. 
- 00°, when ammonia and sodium hypochlorite art' mixed m solution in 
equimoleeular pro] ><>rt ions, the liquid is distilled m a vacuum, the vapour 
dried with K 2 0O 3 and condensed in liquid air: NuOOl • XH, = NaOH + 
NH g d. Dichloramine NHl'b is obtained m solution (Chapin, 1929) by the 
action of chlorine on a solution of ammonium sulphate buffered to un 
acidity of pH 4-5 to f>, when it is the sole product, and also by the acidifica- 
tion of monoeh loram ino solution. Monobromamine NH a Br and dibromamine 
NH Br 2 , are formed by the action of ammonia gas on a solution of bromine 
in ether: 2NU, f Br, -- NH.Br » N H 4 Br. and N H.Br + Br 2 NHBr 2 f HBr. 
By the action of NCI, on K.Br, Millon obtained a dark-red volatile explosive 
oil, possibly nitrogen tribromide NBr,. Nitrogen trifiuoride NF, is a colourless 
rather inert gas, }>. pt. 1J9 , obtained by the electrolysis of fused 
NH 4 HF 2 : when mixed with hydrogen and kindled it explodes violently, 
giving nitrogen and hydrogen fluoride (Ruff, 1928): 2NF 3 -|-3H 2 = 

Not-OHF. 

Nitrogen iodide. — By the action of iodine on ammonia solution 
( lourtoix (1812) obtained a black explosive powder. This was examined 
by Gay-Lussac and by Davy (1814), who showed that it contained 
nitrogen and iodine. Gladstone (1851 54) gave it the formula NHI 2 , 
whilst Gay-Lussac, and Stahlsohmidt (1853), considered it to be NI 3 . 
Bunsen (1852), by mixing alcoholic solutions of iodine and ammonia, 
obtained N 2 I.,H. { , i.r. NLyNIh. Szuhay (1893) by suspending “ iodide 
of nitrogen ” in water and adding anunoniacal silver nitrate solution, 
obtained a black explosive powder which he stated was NAgI 2 , and 
hence lie supposed that nitrogen iodide is XHJT 2 . (Iiattaway (1900) 
found, however, that the first product of the action of iodine on aqueous 
ammonia is a dark-red crystalline compound, NI :i NH 3 , and he con- 
tinued the observation of Selivanoff (1894) that hypoiodous acid is the 
first product of the reaction, reacting with more ammonia to form 
iodide of nitrogen, possibly by d (‘com position of ammonium hypo- 
iodite : NH t OH i 1..-NHJ + HOI 

(/>) NH,, + HOI NlljOL 
(r) 3NH 4 OJ N a H ;t ] ;i +NH 4 OH i 2H 2 0. 

Triturate gently 1 gin. of iodine wit li concent ruled ammonia. A black 
powder is formed, winch is filtered off, and is fairly stable when moist. 
The filter- paper is torn into a. number of pieces, which are allowed to dry 
spontaneously. If one portion is touched with a. stick, it explodes — some- 
times spontaneous explosion occurs, ff two portions are close together 
and one is exploded, the shock brings about the explosion of the other 
portion. Violet fumes of iodine are evolved : 

SNI 3 *NH 3 --5N. t 91 2 l 0NH 4 1. 

If a solution of iodine in K1 is added drop by drop to a solution of 
ammonia, with shaking, the liquid at first remains clear and gives the 
reactions of hypoiodous acid (c.g. a brown precipitate with MnS0 4 ). On 
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further addition of iodine, a black precipitate of iodide of nitrogen is 
formed. If a large amount of concentrated ammonia is added this re- 
dissolves, showing that reaction (c) above is reversible. 

Nitrogen iodide is decomposed by sodium sulphite : 

N 2 H 3 I 3 + 3Na 2 S0 3 4 3H 2 0 - 3Na 2 S0 4 + 2NH 4 T t HI. 

The free acid may be titrated with baryta and the iodide with silver 
nitrate, and so the composition determined. Silberrad (1905) con- 
firmed the formula by the action of zinc ethyl on the substance : 

N1 3 *NH 3 f 3Zn(C 2 H B ) 2 - 3ZnCJT B I + NH 3 + N(0 2 H 5 ) 3 . 

He showed that Szuhay’s compound is NI 3 *AgNH 2 . 

Nitrogen iodide is an active oxidising agent, oxidising sulphites to 
sulphates, arsenious acid to arsenic acid, etc. Eaeh atom of iodine has 
an oxidising effect of an atom of oxygen, as in hypoiodous acid HOI. 

Nitrogen tri-iodide NL, is obtained by the action of gaseous ammonia 
on KIBr 2 ,arid remains as a black residue on quickly washing with water: 

*KIBr 2 ^ KBr + IBr ; 31 Br + 4NH 3 - NI 3 + 3NIl 4 Br. 

Hydrazine. — Hydrazine, N 2 H 4 , prepared by Ourtius in 1887 from 
organic compounds, was obtained by Rasehig in 1907 by the action of 
sodium hypochlorite on ammonia solution in the presence of a little glue. 
Monochloramine, first formed, reacts with ammonia to form hydrazine : 

- NH 3 + NaOOl - N H 2 C1 + NaOH 

NH 3 -cNH 2 CUNH 2 -NH 2 t HC1. 

To 200 ml. of 20 per cent ammonia add 5 ml. of 1 per cent solution of gluo 
and 100 ml. of freshly made NaOCI solution (obtained by saturating cold 
5 percent NaOH solution with chlorine). Heat rapidly to boiling and keep 
at the boiling point for half an hour. Cool and acidify with dilute sulphuric 
acid* The hydrazine sulphate, N 2 H 4 ,H 2 N() 4 (0 gm.), crystallises out and is 
filtered in a Buchner funnel. 

If hydrazine sulphate is distilled under reduced pressure with con- 
centrated potassium hydroxide solution, with a condenser without 
rubber or cork connections, a colourless fuming liquid, b. pt. 119 u or 
47°/2f> min., is obtained. This is called hydrazine hydrate , but is a 
solution of maximum boiling point. The solution may be concentrated 
to 95 per cent by distilling it with xylene, which carries over the water. 
If the hydrate is distilled with its own weight of sodium hydroxide in 
small pieces, anhydrous hydrazine passes over at 150" as a liquid which 
solidifies on cooling in colourless crystals, m. pt. 1-4°, b. pt. 113*5 J . 
Anhydrous hydrazine may also be prepared from the hydrochloride and 
sodium methoxide, in a similar way to hydroxylamine (p. 524). There 
is a solid hydrate N 2 H 4 ,H 2 0,m.pt. — 51-7' . 

Hydrazine and the hydrate readily absorb moisture and carbon 
dioxide from the air, are freely soluble in water and alcohol, and are 
poisonous. Anhydrous hydrazine decomposes on heating : 3N 2 H 4 - 
N 2 + 4NH,. It inflames in dry oxygen, reacts readily with halogens : 
21 2 4-N 2 H 4 --4HI < Njj, and explodes in contact with potassium per- 
manganate. By the action of sodium on anhydrous hydrazine in 
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absence of oxygen, crystalline solid H 2 N*NHNa is obtained, which 
explodes violently in presence of oxygen or moisture. 

Hydrazine is a very weak base : when anhydrous it liberates ammonia 
from ammonium chloride. It forms two series of salts, c.g. the hydro- 
chlorides N 2 H 4 ,HCI and N 2 H 4 ,2HCl ; and the, sulphates 2N a H 4 ,H a 80 4 
and N 2 H 4 ,H 2 S0 4 . The ordinary hydrazine sulphate is N 2 H 4 ,H 2 S0 4 , 
perhaps N 2 H 5 -HS0 4 . The salts are hydrolysed in solution. Double 
salts, e.g. Zn01 2 ,N 2 H 4 ,2HCl, are known. 

Hydrazine and its salts are powerful reducing agents, precipitating 
gold, silver and platinum from their salts* reducing alkaline copper 
solutions to cuprous oxide : 4CuO 4- N 2 H 4 = 2Cu 2 0 4 2H 2 0 4-N 2 ; ferric 
salts to ferrous salts, and iodates to iodides : 3N 2 H 4 + 2H 2 S0 4 + 2KI0 3 
- - 2HI + 2KHS0 4 + (>H 2 0 4 - 3N 2 . The hydrazine is oxidised to nitrogen 
and water : N 2 H 4 + 20 ^JS T 2 4 2H 2 0. Hydrazine may be determined 
by titration with iodine in presence of sodium bicarbonate : N 2 H 4 + 
21 2 ^-N 2 4 4H1, or with potassium permanganate in presence of dilute 
sulphuric acid : N 2 H 4 f 20 =N 2 -f 2H 2 (). 

Hydrazoic acid. — Hydrazoic acid (or azoimide) HN 3 was obtained by 
Curtins in 1800 from organic compounds. It is formed by the careful 
oxidation of hydrazine with nitric acid or hydrogen peroxide : 3N 2 H 4 4* 
50 — 2HN 3 -} 5H 2 0. 

Warm 1 gin. of hydrazine sulphate with 4 ml. of HNO, of sp. gr. 1-3 in a 
test-tube, and lead the vapours into a solution of silver nitrate. A white 
curdy precipitate of silver azide AgN 3 is formed. This is explosive when 
dry. It is soluble in ammonia (cf. AgCl). Lead azide Pb(N 3 ) 2 is used as a 
detonator in place of mercury fulminate. 

Hydrazoic acid is formed by the decomposition of hydrazine nitrite 
under special conditions (cf. J\ T H 3 ,HX0 2 =N 2 + 2H 2 0) : 

N 2 H 4 ,HN0 2 =HN 3 i 2H 2 0. 

If hydrazine is added to ethyl or amyl nitrite and alkali, sodium 
azide is formed, and a precipitate of silver azide is produced when 
hydrazine is added to a saturated solution of silver nitrite. Sodium 
azide is formed by fusing sodamide with sodium nitrate : 

3NaNH a + NaNO s = NaN 8 + 3NaOH + NH 3 . 

Hydrazoic acid is formed by the action of hydrazine on a solution of 
nitrogen trichloride in benzene : 

N a H 4 + NCl s = HN 8 +3HCI # 

and by oxidising a mixture of hydrazine and hydroxylamine with 
chromic acid or hydrogen peroxide : 

N 2 H 4 + NH 2 0H 4- 20 =- HN S + 3H 2 0. 

Active nitrogen forms azides with sodium, potassium, rubidium, and 
caesium ; with sodium a nitride Na 3 N is first formed. 

Wislicenus (1892) first prepared hydrazoic acid from inorganic 
materials. Sodamide NaNH 2 is prepared by passing dry ammonia 
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over sodium in porcelain boats in a hard-glass tube heated at 1 50 °- 
250°: 2Na i-2NH 3 =2NaNH a f H 2 . The ammonia is then displaced 
by a current of dry nitrous oxide and the tube heated at 190°. The 
sodamide swells up and ammonia is evolved : 

NaNH 8 i NoO — NaN, * H„0 
NaNH 2 + H“0 -- NaOH + NH 3 . 

When no more ammonia is evolved the tube is cooled, and the pumice- 
like mass of NaN 3 and NaOH distilled with dilute sulphuric acid, when 
a solution of hydrazoie acid HN a (tomes over. 

The solution is fractionated, and finally distilled with fused calcium 
chloride, hen anhydrous hydrazoie acid is formed. This is a colourless 
mobile liquid, b. pt. 37°, in. pt. -80°, with a nauseous smell. It is 
dangerously poisonous and explosive. It dissolves readily in water, 
forming a corrosive acid liquid, in which about 1 per cent of the acid is 
ionised: HN 3 r- H' -i N/. The solution readily dissolves iron, zinc, 
copper, etc., with formation of azides, ammonia, a trace of hydrazine, 
and evolution of nitrogen: Zn d 3HN 3 --- Zn(N 3 ) 2 }*N 2 + NH 3 . With 
magnesium a little hydrogen is evolved. The reaction with nitrous acid 
is quantitative : HN a -hHN0 2 — N 2 i N 2 0 t H 2 0. 

The azides give a blood-red colour with ferric chloride, resembling 
thiocyanate but discharged by hydrochloric acid ; with silver nitrate 
they give a white curdy precipitate of silver azide AgN ; „ soluble in 
ammonia, and exploding at 250". By neutralising the acid with 
ammonia and hydrazine, respectively, the salts NH 4 N ;1 (i.e. N 4 H 4 ) and 
N 2 H 5 N;, (i.e. N 5 H 5 ) are obtained in colourless explosive crystals. 

The vapour density of hydrazoie acid corresponds with HN 3 . The 
constitution was represented by Thiele as N-~_N — NH. This may be 

written N ' : N : : N J H or N— N NH. The formulae of the azide 

X X 

ion, the cyanate ion, and the neutral nit rous oxide molecule are similar : 

[N : : N : : N]' [N : : C : : OJ ' N : : N : : O 

The linear structure of the azide ion in crystals is proved by X-ray 
analysis. The electronic formulae of the nitrogen and carbon monoxide 
molecules, and of the cyanide ion, are also very similar : 

:N:::N: [; C ; : : N :J' 

N—N CIO C^N 

Chlorazide N ; ,C) is a colourless very explosive gas obtained by the action of 
sodium hypochlorite solution and boric acid on sodium azide. Iodazide N S I is 
a pale-yellow explosive solid obtained by the action of iodine on silver azide. 

Cyanogen azide (CN-N 3 ) 2 , sulphuryl azide N s *»SO a *Nj, and azido-dithiocarbonic 
acid Ng-CS SH, are also known. 

The hydrazoie acid molecule has a hydrogen atom linked by a bond al 
an angle to the linear azide group : 


\h 


114A. 1-25A. 
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and the estors have a similar structure with the group R taking the place 
of H. The azide ion is a resonance hybrid of three forms : 

l N : : N : : N |' [ : N : N : : : N : V [ : N : : : N : N : ]', 

or with the alternative formulation of the co-ordinate link (p. 413): 

+ .. - 

: N- N N : : X N N : : N-fN— N : 

All are equally important, so that the two bonds are of the same length, 
Mf>A. In these formulae the ionic charge is also shown. Of the three 
corresponding structures of a covalent azide (c.g. mi ester) : 

R — N =- N - - N : H — N — N N: H-N _N — N : 

the third disagrees with the adjacent charge rule (p. 438) and only the 
first, two are involved, the azide group — X 3 now being unsymmetrical. 
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Oxides and oxy-acids of nitrogen .—The following table of oxides and 
oxy-acids of nitrogen may be compared with that of the oxy-cornpounds 
of chlorine (p. 262) : 


Nitrous oxide N 2 0 


| Hyponitrous acid 1 TO N : N • OH 

■••4 


VNitramide N0 2 *NH 


Hyponitric acid H0N:N0 2 H 
.Nitrous acid HNO- 


Nitric oxide NO 

Dinitrogen trioxide N 2 0 3 — / 

Nitrogen dioxide (or dinitrogen tetroxide) N() 2 or N 2 0 4X 
Dinitrogen pentoxide N 2 0 5 - * ^Nitric acid HN0 3 


A full arrow shows that the oxide is a true acid anhydride, forming the 
corresponding acid by reaction with water ; a dotted arrow indicates a 
formal relation only. In addition to tho compounds shown in the table, 
the following havo been described : hydronitrous acid H,N0 2 ( - NO j-H 2 0) 
known as the sodium salt Na 2 N0 2 ; a higher oxide of nitrogen which is 
probably dinitrogen hexoxide N 2 O b , and a higher oxyacid, either pemitric acid 
HN0 4 (N 2 0 6 + H 2 0-HN0 4 -f-HN0 3 ) or pemitrous acid HN() 2 0 (isomeric 
with nitric acid). 


The union of nitrogen and oxygen. — Nitrogen and oxygen combine 
directly at high temperatures to form colourless nitric oxide : N a f 0 2 - 
2NO. With excess of oxygen this on cooling 
forms red nitrogen dioxide : 2NO + 0 2 -“2N0 2 . N itro- 
gen dioxide dissolves in water to form a solution 
of nitrous and nitric acids : 2N0 2 -t- H 2 0 v- HN0 2 4 
HN0 3 . Nitrous acid is unstable, the solution 
becoming pale blue owing to the formation of 
nitrous anhydride N 2 0 3 : 2HNO a ^ N 2 0 3 4- H 2 0. This 
also decomposes, forming gaseous nitrogen di- 
oxide and nitric oxide : N 2 0 3 ^ N0 2 f NO. Some 
nitrous acid also decomposes into nitric acid and 
nitric oxide : 

3HN0 2 -HN0 3 + 2N0 + H 2 0. 

Fig 282 Combina- The nitric oxide is again oxidised if excess of 

tion of nitrogen and oxygen is present, and finally all the oxides of 
oxygen by sparking. nitrogen are converted into dilute nitric acid. 



Pass a series of sparks through dry air in a globe (Fig. 282). After a time 
this becomes yellowish in colour, and if shaken with litmus solution the 
latter is turned red. 

m 
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Nitric acid is also formed when a hydrogen flame burns in oxygen con- 
taining a little nitrogen, and when a mixture of detonating gas (2 vols. of 
H 2 -f 1 voh of 0 2 ) with air is exploded by a spark. If the volume of air is 
more than double that of the detonating gas, the temperature of explosion 
is too low to form nitric acid : no acid is formed on exploding a mixture 
of hydrogen and air, as was shown by Cavendish (1781). 

Cavendish (1785) passed sparks through a mixture of air and oxygen 
confined over mercury and potassium hydroxide solution in an inverted 
V-tube (Fig. 283). The oxides of nitrogen 
were absorbed by the alkali and the residual 
oxygen was then absorbed by a solution of 
liver of sulphur (potassium sulphide), only a 
very small bubble of gas remaining (probably 
argon ; see p. 9fi2). 

Cavendish says : “ We may safely conclude 
that in the present experiments the phlogisti- 
cated air [N j was enabled, by means of the 
electric- spark, to unite to, or form a chemical 
combination with, the dephlogisticated air [O], 
and was thereby reduced to nitrous [nitric] acid, which united with the 
soap-lees ] potash] and formed a solution of nitre; for in those experi- 
ments those two airs actually disappeared, and nitrous acid was actually 
formed in their room.” 

The nitrogen cycle. — Nitric acid is formed by electrical discharges in 
the atmosphere, and is washed down by rain. It is estimated that 
250,000 tons are produced in twenty-four hours. Leguminous plants 
can convert atmospheric nitrogen into organic nitrogen by the 
agency of micro-organisms [Pseudomonas radicicola) which occur 
in nodules on the root. Algae, fungi, and mosses assimilate free 
nitrogen, and a bacterium, A zotobacter chroococcum , present in soil, 
fixes elementary nitrogen in presence of calcium carbonate. The 
organic nitrogen compounds elaborated by plants serve as food for 
herbivorous animals, and the proteins of the latter are utilised by 
carnivora. 

When animals and plants die and decay, ammonia is formed. In the 
soil this is oxidised by nitrosifying bacteria to nitrites, and these by the 
nitrifying bacterium to nitrates, the latter again serving for the nourish- 
ment of plants. Part of the nitrogen is again set free by the action of 
denitrifying bacteria in the soil. 

Pseudomonas radicicola has one general species but it has to some extent 
become specialised by association with particular plants. It exists in the 
soil as minute rods in rapid motion, but when it enters the plant by way of 
the root-hairs it develops into larger rods which, when nodules are formed 
on the roots, associate into characteristic Y-shaped organisms called 
bacteroids. The Azotobacter chroococcum , a fairly large oval organism, ’plays 
a large part in forming and maintaining the stock of combined nitrogen in 
the soil. Both nitrosifying bacteria and the nitrifying bacterium obtain 
their carbon from carbon dioxide. 



Fin. 283. — Cavendish’s 
apparatus for sparking air 
over potash solution. 
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Nitric acid seems to have boon known in Europe about J 100 a.i>„ if 
not earlier. It was called aqua fort t a and made by distilling nitre with 
green vitriol (ferrous sulphate, FeS0 4 ,711 s 0) : 

4FeSG 4 4 8KNO, ' 3H,0 - 2Fe,(), + 4K a S0 4 f CMNO, t NO 1 NO*. 

Glauber, about 1058, obtained concentrated fuming nitric acid by distilling 
nitre with oil of vitriol (sulphuric acid). It was known as /tpiritus nitri 
Glauber i, , The presence of oxygon in nitric acid was demonstrated by 
Lavoisier in 1770 by heating nitrate of mercury, which evolved oxygen and 
nitric oxide. Schecle (1777) showed that the vapour is decomposed by 

heat and light. Gavendish (1785) 
proved that nitric, acid contains 
nitrogen and oxygen (p. 533). 

Arrange a clay tobacco pipe as 
shown in Fig. 284. Heat one 
part of the stem strongly with a 
biinsan burner, and pour 5 ml. of 
concentrated nitric acid into the 
bowl. The acid is decomposed 
Fig. 284. — Decomposition of nitric acid (,!1 pacing through the hot tube, 

by heat. and hubbies of oxygon collect in 

the test-tube. 

Nitric acid is prepared in the laboratory by distilling potassium or 
sodium nitrate with concentrated sulphuric acid: KN0 3 \ H.,S0 4 =-- 
khso 4 + HN0 3 . If excess of nitre is used at a high temperature, 
further decomposition occurs, the potassium (or sodium) hydrogen 
sulphate being converted into normal sulphate: KHS0 4 1 KNO ;} =* 
K 2 S0 4 -i HN0 3 . A glass retort then usually cracks, and part of the 
nitric # acid is decomposed: 4HN0 3 =-4N0 2 h2H 2 0 -t 0 2 . The oxides 
of nitrogen formed dissolve in the acid, colouring it yellow. 

Add 49 gm. (20 ml.) of concentrated sulphuric acid to 50 gm. of powdered 
potassium nitrate in a stoppered retort and stir with a glass rod. Heat on 
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wire gauze and collect tlio nitric acrid in a cooled receiver (Kig. 285). 
Notice the red gus at the beginning and end of the process. The acid 
obtained is yellow. Add a piece of cropper foil to it ; the metal does not 
usually dissolve. Add a few drops of water : the copper dissolves and red 
oxidos of nitrogen are evolved (Andrews, 1837). 



Fiu. 285. — Preparation of nitric acid. 


Nitric acid may be concentrated by distillation with concentrated 
sulphuric acid. Pure nitric acid is obtained by redistilling on a water- 
bath under reduced pressure and passing ozonised oxygen through the 
distillate, or by freezing 98 per cent acid, when colourless crystals, m. 
pt. - 4 1 *3 , separate. It is a colourless liquid of sp. gr. 1 -52. The liquid 
and the vapour are slightly dissociated at the ordinary temperature : 
2HN0.J ^ N 2 0 5 + H 2 0 ; the dissociation increases with the temperature 
and liquid anhydrous HNO :i does not exist. A current of dry air 
passed through the liquid removes the more volatile N 2 () 5 and an acid 
containing 98*(>2 per cent of HN() ;i remains. 

Nitric acid begins to boil at 78*2 with decomposition. When three- 
fourths have distilled, the residue contains 95-8 per cent of HN0 3 ; w T ith 
further distillation an acid of maximum boiling point (120*5 ) containing 
58 per cent of HN() a is formed. This is also formed when weaker solutions 
are distilled. This acid corresponds approximately with 2HNO a ,3H a O but 
is not a definite hydrate ; Roscoe showed that (as in the case of hydrochloric 
acid) the composition of the distillate is a function of the pressure. Two 
solid hydrates, HN0 3 ,H 2 () (in. pt. - 38 ) and HXO„3H s O (m. pt, - 18*5°) 
are known. 

Nitric acid vapour is decomposed by light on exposure of a half-filled 
bottle; the nitrogen dioxide formed dissolves in the liquid and makes 
it yellow: 4HN0 3 = 4N0 2 + 0 2 + 2H 2 0. The liquid in a completely 
filled bottle remains colourless. The” yellow acid may be decolorised 
by warming to (>0 U --80°, and bubbling dry air through it. 

A yellow fuming nitric acid , cont aining oxides of nitrogen and used 
as an oxidising agent, is prepared by distilling nitre and sulphuric acid 
^ with a little starch, which reduces some nitric acid to N 2 0 3 and N2O4. 
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Heat is evolved and contraction occurs when concentrated nitric acid 
and water are mixed. The maximum effect occurs with the mixture 
3HN0 3 -f H 2 0, but no definite hydrate of this composition has been 
isolated. 

The densities at 15° of mixtures of nitric acid and water are given in the 
table below. 


Density 

1050 

Per cent. 
HNO, 

8*99 

Density 

1-250 

Per cent. 
HNO* 

39-82 

Density 

1-450 

Per cent. 

hno 3 * 

77-28 

MOO 

17 11 

1-300 

47-49 

1-500 

94-09 

1-150 

24-84 

1-350 

55-79 

1-510 

98-10 

1-200 

32-36 

1-400 

65-30 

1-520 

99-67 

Chemical properties 

of nitric 

acid. — Nitric 

acid is < 

i strong acid, 


largely ionised in solution : HNOj^ H’ -i N0 3 '. Jt is monobasic and 
forms salts, the nitrates, which are obtained by the action of nitric acid 
on the metals (when oxides of nitrogen, not hydrogen, are usually 
evolved), on the oxides or hydroxides, or on the carbonates. Acid 
nitrates, e.g. NH 4 N0 3 ,HN0 3 and NH 4 N0 3 ,2HN0 3 , are known. 

Alkali nitrates on beating form nitrites and oxygen: 2KN0 3 ~ 
2KN0 2 + 0 2 ; ammonium nitrate gives nitrous oxide : NH 4 N0 3 - 
N 2 0 4 2H a O ; nitrates of heavy metals form oxides, nitrogen dioxide 
and oxygen : 2Pb(N0 3 ) 2 = 2PbO 4- 4N 0 2 4 0 2 . Most nitrates arc soluble 
in water ; some basic nitrates (e.g. of lead and bismuth) are insoluble. 

Nitric acid also acts as an oxidising agent. Hot concentrated nitric 
acid oxidises iodine to iodic ac id H10 3 . Phosphorus is oxidised to 
phosphorous and phosphoric acids (white phosphorus may cause an 
explosion), sulphur is oxidised to sulphuric acid, arsenious oxide to 
arsenic acid. Tin is oxidised by concentrated nitric ac;i<l in the cold 
with formation of red fumes and white hydrated stannic oxide. 
Burning charcoal burns brilliantly in concentrated nitric* acid, and 
heated sawdust is inflamed by it. 

Heat a little sawdust on a sand-bath until it begins to char, and pour 
over it a Jew drops of fuming nitric acid from a test tube. The sawdust 
bums. 

Oil of turpentine explodes with concentrated nitric acid, witli 
evolution of black clouds of carbon. Alcohol is violently oxidised, 
with the production of a variety of substances, and sometimes with 
explosion. 

Hydrogen sulphide is not oxidised by pure nitric acid, but in presence 
of nitrogen oxides it is decomposed with separation of sulphur (see p. 
457). Stannous chloride in hydrochloric acid is oxidised to stannic 
chloride and the nitric acid is reduced to hydroxvlamine and ammonia. 

Ferrous salts reduce nitric acid to nitric oxide NO, which in the cold 
dissolves in the excess of ferrous salt to form a black solution, from 
which nitric oxide is evolved on heating : 

6FeS0 4 4- 2HN0 3 4 3H 2 S0 4 - 3Fe 2 (80 4 ) 3 + 2NO + 4H 2 0, 

FeS0 4 4 NO ^ Fe(N0)S0 4 . 
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This is used in the “ ring test ’* for nitric acid and nitrates. In the case 
of nitrates, concentrated sulphuric acid must be added before the colour 
appears (nitrites give the reaction with dilute acid). 

Dissolve a few crystals of ferrous sulphate in a cold dilute solution of 
potassium nitrate in a tost-tubo, and pour concentrated sulphuric acid 
carefully into the liquid so as to form a heavy layer below. At the junction 
of the liquids a black ring (purple if only traces of nitrate are present) is 
formed. On shaking, the black colour disappears and bubbles of nitric 
oxide are evolved. 

Other tests for nitric acid and nitrates are : (1) the red colour produced 
with a solution of brucine in concentrated sulphuric acid ; (ii) the deep-blue 
colour with a solution of di phony lamino in concentrated sulphuric acid ; 
(iii) the evolution of red oxides of nitrogen when the substance is heated 
with concentrated sulphuric acid arid copper turnings ; (iv) nitron reagent 
(J per cent in 5 per cent acetic acid) forms a whit e crystalline precipitate of 
nit ron nitrate, C 20 ll lfl N 4 ,HNO 3 , on adding 5 drops of reagent and 1 drop of 
dilute sulphuric acid to 5 ml. of nitrate solution. 

The action of nitric acid on metals. — Nearly all metals, except 
platinum, rhodium, iridium, tantalum, and gold, are attacked by dilute 
or concentrated nitric acid. Tin, arsenic, antimony, tungsten and 
molybdenum are converted into oxides. The remaining metals form 
nitrates. Aluminium is scarcely attacked by cold nitric acid ; iron and 
chromium become k * passive ” in the concentrated acid, and lead is 
covered with a protective film of nitrate. During the reactions, part of 
the acid is reduct'd to the oxides N0 2 , NO, and N 2 0, free nitrogen, 
hydroxylamine, and ammonia. The products depend on the metal, 
temperature, concentration of the acid, and the presence of the pro- 
ducts of reaction. Hydrogen is evolved only by magnesium or man- 
ganese acting on cold 1 or 2 per cent nitric acid: Mg~f2HN0 3 = 

Mg(NO a ) 2 + H 2 . 

H. K. Armstrong and Acworth (1877) suggested that the primary 
reaction in all cast's is the liberation of nascent hydrogen : 

L. M -t HNO a — MN0 3 i H. 

This nascent hydrogen reduces the nitric acid and further reactions 
occur : 

II. Secondary reactions , probably m definite stages : 

(a) IINO3 i 211 = 11NO, (nitrous acid) i 11,0. 

( b ) 211 NO, -l 8H H,N 2 0, (hyponitrous acid)-r 4H,0. 

(c) HN t () 3 + (ill - N H 3 0 (hydroxylamino) 4 211 a O. 

(d) HNO, i 8H Nil, (ammonia) -i 3H,0. 

III. Tertiary reactions , in which the secondary products interact ; 

(1) decomposition into simpler compounds : 

(a) 311 NO, flN() s r 2X0 (nitric oxide) f H,0. 

(b) 2HN0, -No<) 3 (nitrous anhydride) + H,O f 

(c) H a N,Og N 2 () (nitrous oxide) + H t O. 
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(2) double decomposition : 

(a) NH0 2 + NH 3 - N 2 (nitrogen ) 4- 2H 2 0. 

(b) HN0 2 t NH s O - N 2 0 4 2H 2 0. 

(c) HNO a + HN0 3 2NO. -f H 2 (). 

The action on copjter would bo represented as follows : 

3Cu 4- e>HNO s - 3 Cu(N 0 3 ) 2 1 OH 
OH 4 3HNO a — 3HNO* f 3H 2 0 

3HNO a - HNO :} 4 2N0 4 H.O 

by addition 3Cu 4 8HNO, - 3Cu(N0 3 ) 2 4 2NO 4 4H a O. 

According to Divers some metals give nitric oxide but no liydroxylarnine 
or ammonia : c.g. Ag, Cu, Hi, Hg ; other metals give NH 3 , or NH :t O, and 
N a O : e.g. Ke, Zn, Sn, Cd, Mil, Mg (Mn and Mg also give H 2 ). The product 
depends on the concentration and temperature of the acid (concentrated 
nitric acid gives mainly nitrogen dioxide with copper: Cu |-4HN0 S - 
(\i(N 0 3 ) 2 4 2N() 2 2H a O), and also on the accumulation of the salt in 
the solution, since the prolonged action of dilute nitric acid on copper gives 
nitrogen and nitrous oxide. 

Millon (1842) and Velev (1890) showed that purr nitric acid in the 
absence of nitrous acid scarcely aets on copper, silver, bismuth or 
mercury. Other metals react in the absence of nitrous acid, but more 
slowly than when it is present. Since nitrous acid is formed in the 
reaction, the velocity of the reaction increase's as it proceeds. 

Take three pieces of clean copper foil and immerse them in three glasses 
containing : (a) 50 ml. of 50 per cent nitric acid ; (b) 50 ml. of this nitric 
acid 4-5 ml. of hydrogen peroxide (20 vols.) ; (r) 50 ml. of nitric acid t l 
ml. of hydrazine hydrate solution. The foil in (a) is at once violently 
attacked; those in (b) and (c) remain for a time without change. The 
hydrogen peroxide oxidises nitrous acid : UNO, 4 Il 2 () 2 — HN0 3 4 H a O ; 
whilst hydrazine decomposes it. 

According to Millon and Veley nitric oxide is a primary product, 
formed from traces of nitrous acid : a green solution of copper nitrite 
is formed which is then decomposed by nitric acid to reproduce nitrous 

ac,d : Cu h 4 HN() 2 - Cu(N0 2 ), 4 2H 2 G + 2N0 

0u(NO 2 )„ -i 2 HNO., ~ Cu(XO,)j + 2H N0 2 

HN0 3 + H 2 0 + 2N0 ^ 3HN0 2 . 

The nitric oxide reduces nitric acid to nitrous acid, and nitric oxide 
is evolved only at a certain concentration of nitrous acid. 

The manufacture of nitric acid. — Nitric acid is made on the large 
scale by distilling sodium nitrate with concentrated sulphuric acid in 
an iron retort : 

3NaN0 3 h2H 2 SG 4 -Na,S0 4 H NaHS0 4 + 3HN0 3 . 

One or two tons of previously dried sodium nitrate (( >hile nit re) are boated 
with rather more than this weight of concentrated sulphuric acid (93 per 
cent H 2 S0 4 ) in a large cast-iron pot, built in a brickwork furnace so as to 
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allow of very uniform heating (Fig. 280). Nitric acid vapour does not 
attack iron, which is corroded by the liquid acid. At the top of the retort 
is a manhole for introducing the charge, and an outlet for the acid vapour. 



Fig. 280. — Manufacture of nitric arid by distilling sodium nitrate 
with concentrated sulphuric acid. 


The acid is condensed in some type of cooler, consisting of vitreous silica 
spirals cooled in water, stoneware U -tubes or horizontal glass tubes cooled 
partly by air and water, S-shaped tubes of silicon iron, or largo stoneware 
Woulfe’s bottles. The red oxides of nitrogen also produced are condensed 
by water in a stoneware tower at tbe end, packed with hollow stoneware 


cylinders or halls : 


4N0 2 M),+ 2 HU) 4 II NO.,. 


In the Valentiner process (1891) the apparatus is air-tight, and a vacuum 
is maintained by an air-pump. The distillation under reduced pressure 
(25 cm.) takes place at a lower temperature ( 100 -150 ), so that there is less 
decomposition, and the reaction also occurs more rapidly than m the 
ordinary process. 

The liquid residue in the retort is run out and allowed to solidify ; it is a 
mixture or compound of about equimoleeular proportions of NaHS0 4 and 
Nu 2 N0 4 , and is called nitre cake. 


The arc process. — The union of atmospheric nitrogen and oxygen at 
the high temperature of the electric are was demonstrated by Crookes 
in 1892 ; a small experimental plant was worked in Manchester in 1899. 
As carried out from 1902 Absorption 


in Norway at Notodden 
and R j ukan , the Bi rkcla nil 
and Eydc process utilised 
350,000 horse- power de- 
rived from water-power, 
but it is now replaced by 
ammonia synthesis and 
oxidation of ammonia. 

Air is drawn through 
the flat circular furnace* 



Fig. 287.- -Diagram of the arc process for pro- 
d i icing nitric arid from the atmosphere. 


(Fig. 287), ill which an alternating- current electric arc burning between 
Wtcr-oooled copper poles is spread out by an electromagnet into an 
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apparent disc, the temperature of which is about 3000°. In this flame 
combination of oxygen and nitrogen occurs : N 2 + 0 2 ^ 2NO. At 3000° 
the equilibrium yield of NO is 5 per cent by volume ; at 1500° it is 
only 0*4 per cent. Since the reaction absorbs heat, the yield is greater 
at higher temperatures (p. 294) . The gas after rapid cooling to k ‘ freeze ’’ 
the equilibrium leaves the furnace at 1000°, containing 1 per cent of 
NO, passes through iron pipes lined with brick to the firebox of a 
tubular boiler, where it is cooled to 150° with production of steam 
which is used to evaporate solutions formed in the process, and then 
passes through large aluminium ])ipes exposed to the air where it 
cools to 50°. 

When the gas has cooled below 600°, formation of nitrogen dioxide 
begins : 2NO + 0 2 ^2N0 2 ; this is somewhat slow, since it is a ter- 
molecular reaction, and to give time the gas passes through a large 
empty iron oxidising tower, and then to the three or four gigantic 
absorption towers, 05-80 ft. high and 18 ft. diameter, built of granite 
slabs and packed with broken quartz over which water is circulated. In 
these towers nitric acid is formed : 

2N0 2 -i Hot) ^ UNO, + HN0 3 
3HN0 2 ^ HNO, + 2NO -} H 2 0. 

The NO is reoxidised by the excess of air present, forming N0 2 , 
which re-enters the reaction. Nearly all the nitrous acid is so removed 
from the solution, and 30 per cent nitric acid runs from the first tower, 
the acid having been pumped from the final tower through all the 
towers in succession. 

The dilute nitric acid is neutralised with limestone to form calcium 
nitrate, which is evaporated and exported as a fertiliser (“ Norge sal- 
peter ”), or is concentrated by distilling it with concentrated sulphuric 
acid under reduced pressure. 

When the gases become very dilute, oxidation of NO is very slow, 
and a mixture of NO and N0 2 passes from the last absorption tower 
(about 85 per cent of the oxides of nitrogen having by this time been 
absorbed) into an iron tower packed with quartz, down which a solution 
of sodium carbonate trickles. This absorbs nearly all the residual oxides 
of nitrogen to form chiefly sodium nitrite with some nitrate : 

[NO + N0 2 ^ ] N 2 0 3 + Na 2 G() ;i - 2NaNO s + C0 2 . 

The oxidation of ammonia. — In 1788, the Rev. Isaac Milner, President 
of Queens’ College, Cambridge, found that ammonia gas passed over 
heated manganese dioxide is oxidised to nitric oxide, which can be 
oxidised with air to nitrogen dioxide, and this reacts with water to 
form nitric acid. The French chemist Kuhlmarm in J 839 found that 
ammonia is oxidised to nitric oxide by passing a mixture of ammonia 
gas and air over heated platinum, acting as a catalyst : 

4NH 3 + 50 2 - 4NO i flH 2 0. 

The colourless gas on cooling becomes red, from oxidation of the nitric 
oxide to nitrogen dioxide : 

2NO + O a ~2NO a . 
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Pass a current of air through ammonia solution in a wash-bottle, and lead 
the mixed gas over a small roll of platinum foil heated t,o dull redness in a 
hard-glass tubo. Notice tho formation of red gas and white fumes in a globe 
attached to the tube. 


The best results are obtained when tho gas passes very rapidly over 
the catalyst ; with a slow current of gas much free nitrogen is produced : 
4NH a + 30 2 = 2N 2 ! OHoO. An excess of oxygen above that required 
to form nitric oxide is necessary. A mixture' of 1 vol. of purified 
ammonia gas and 7-5 vols. of air filtered from dust is preheated to 
about 500° by utilising the heat of reaction in a counter- current 
apparatus (cf. p. 472), and is passed through a converter (Fig. 288) 
containing two fine platinum gauzes in contact, 
when the exothermic reaction proceeds automati- 
cally. More than 90 per cent of the ammonia is 
oxidised to nitric oxide, and ] sq. ft. of double 
catalyst will produce 1*7 tons of nitric acid in 
24 hours. The rate of conversion is much greater 
with a mixture of ammonia and oxygen , N H i 20 2 , 
with sutlieionl steam to render it non -ex plosive, 
and nitric acid may then be obtained directly by 
cooling the gas from* the converter. 

The exit gas from the converter when air is 
used, containing NO, nitrogen, some oxygen, and 
steam, is cooled and passed into packed stain- 
less steel towers through which water circulates. Formation of 
nitric acid occurs as in tho are process (p, 540). The cooled gas may 
also be compressed by pumps into stainless steel tanks containing 
water. Modern processes aim at converting ammonia and oxygen 
(obtained as by-product in ammonia synthesis) into nitric acid. 



Fig. 288. — Ammonia 
oxidation convertor. 


If the cooled oxidised gas is passed into milk of lime, calcium nitrite 
and nitrate are formed : 

20*(OH), i 2N,0 4 -rCa(N() 3 ) 2 t <'a(NO,),+ 2H,0. 

When all the lime is neutralised, nitric acid is formed in the solution by 
reactions previously explamod. This decomposes tho nitrite into nitrate 
and oxides of nitrogen, which are fully oxidised to N0 2 by air and passed 
into another absorber of milk of' lime : 

Ca(N0 2 ) 2 + 2HNO, - Ca(N0 3 ) 2 + NO r NO, + H 2 0. 

If ammonia gas mixed with air is blown into tho cooled and lully oxidised 
gas from tho ammonia oxidation apparatus, solid ammonium nitrate is 
deposited as a powder : 

4N0, + 0, , 211,0 \ 4 N H 3 - 4NIl«N0 4 . 

Dinitrogen pentoxide. — The anhydride of nitric acid, dinitrogen pent- 
oxide N 2 0., was obtained by Peville (1849) by the action of dry 
chlorine on gently heated silver nitrate : 

4AgN0 3 + 2Cl a ~ 4AgCl + 2N 2 0 6 + 0 2 . 
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It is best prepared by dehydrating concentrated nitric acid by phos- 
phorus pentoxide (Weber, 1872) : 

2H NO a + P 2 0 5 = N 2 0 5 + 2HPO. v 

Pure concentrated nitric acid, freshly distilled over concentrated sul- 
phuric acid, is put into a stoppered retort cooled in a freezing mixture, and 
pure phosphorus pentoxide added in slight excess in small quantities at. a 
time. The mixture is distilled at as low a temperature as possible in a 
current of ozonised oxygon. The gas is passed through a phosphorus 
pentoxide tube, and then through a tube cooled in solid carbon dioxide 
and ether, when crystals of pure N 2 (> 5 arc obtained. 

Dinitrogen pentoxide is formed by passing ozonised oxygen into 
cooled liquid dinitrogen tetroxide : 

N 2 0 4 + 0,«NA-i °2- 

Dinitrogen pentoxide forms white very hygroscopic crystals, stable 
below 0 1 but decomposing slowly and becoming yellow at the ordinary 
temperature, even in sealed tubes : 2N 2 () 5 -=2N 2 0 4 -i- 0 2 . They sublime 
on warming, and if not quite pure melt with decomposition at 211*5° to a 
dark-brown liquid, which decomposes into red N0 2 and oxygen at 50''. 
If suddenly heated, the crystals explode : they dissolve with a hissing 
noise in water, forming nitric arid : N 2 0 5 + H 2 0 -2HNO.,. Phos- 
phorus and potassium burn in the liquid pentoxide if slightly warmed: 
charcoal does not decompose it even on boiling, but burns brilliantly if 
previously kindled. Sulphur forms white vapours, condensing to 
crystals of nitrosyl disulphate S 2 N 2 () 2 (}>. 558). A crystalline compound, 
N 2 0 5 ,2HN0.{, in. pt. 5°, is formed on cooling a solution of N 2 0 6 in con 
centrated nitric acid. The structural formula of dinitrogen pentoxide is 

O, O 

<> Xj o 

but owing to resonance the bonds become equivalent. 

Halides of nitric acid. -The OH in nitric acid NG 2 OH may bo replaced 
by halogens or the ( 1 10 4 radical. Nitryl fluoride N() 2 F is a colourless very 
reactive gas, b. pt. -- 72*4', m. pt. - HHf’, formed by the action of nitric 
oxide on excess of fluorine at the temperature of liquid oxygen : 4NO t F a ~ 
2N0 2 K \ N 8 . Nitryl chloride N() 2 n is a colourless gas, b. pt. - 15°, m. pt. 
- 145°, formed by the action of ozone on nitrosyl chloride : NOCJ I- 0 3 - 
NOgtl + Oj. and in small amounts in other reactions, e.y. 4N() 2 4- 3HGI — 
NO.»Cl -i 2NOC1 t HN() 3 -i il 2 0. ft is stable at 100 w but decom])oses at 
higher temperatures. Fluorine nitrate NO a F is a colourless explosive gas, 
b. pt. - 42°, formed by the action of fluorine on concentrated nitric acid 
or solid potassium nitrate. It is a powerful oxidising agent : NO a F + 2KI --- 
KNOjj-t KF + 1 2 . With concentrated alkali it- evolves oxygon : 

2NO a F f 4KOH 0 2 i 2KF i 2KN() 3 + 2H s O, 

but with dilute alkali it forms fluorine monoxide : 

2N() 3 F + 2NaOH - F.A> 4 2NaNO d f H 2 0. 
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Fluorine perchlorate F01O 4 is a colourless explosive gas formed from fluorine 
and perchloric arid, and in similar to fluorine nitrate. Nitryl perchlorate 
N0 2 (C10 4 ) is a white crystalline solid, decomposing rapdily at 120°, formed 
from concentrated nitric and perchloric acids : 

no 2 oh + Hcio, xo 2 -no 4 f- h 2 o. 

Nitric oxide. — Although nitric, oxide appears to have been obtained 
by Van Helmont, Mayow, Hales, and Cavendish, it was first recognised 
as a distinct gas by Priestley (1772), who prepared it by the action of 
copper or mercury on dilute nitric aeid and called it nitrous air : 

3Cu i SHNO, = 3 Cu(N(),) 3 4 2NO + 4H,0. 

Copper turnings are placed in a flask (Pig. 289) and a mixture of equal 
volumes of concentrated nitric and and water are poured on them through 
a thistle-funnel. At first, the air 
in the flask becomes rod, duo to 
the action of the nitric oxide on 
atmospheric oxygen: 2NO I 
2N0 2 . The gas then becomes 
nearly colourless, but always has 
a slight, \ellowish tinge, due to a 
little NO b . This is removed when 
the gas is passed through water, 
and the jars fill with a colourless 
gas. The gas, especially in the later 
stages of the reaction, contains 
variable amounts of nitrogen and 
nitrous oxide. If may be purified 
by passing into a cold saturated 
solution of ferrous sulphate. A 
nearly black liquid is formed containing Fe|NO|SO,, which on gentle 
heating evolves nmrhj pure nitric oxide. The gas so purified still contains 
1/500 of its volume not absorbed by fresh ferrous sulphate solution, 
probably nitrous oxide. 

Nearly pure nitric oxide may be obtained by heating a mixture of 
potassium nitrate, ferrous sulphate, and dilute sulphuric acid : 

()1<VS0 4 i 2HN0 3 i 3H 2 S0 4 = 3Fc a (S0 4 ) 3 f 2NO+4H/), 
or a solution of ferrous chloride in hydrochloric acid with sodium nitrate : 
3JKeCl 2 + NaN0 3 4- 4 HOI =- 3FeCl 3 t-NaCl < 2H 2 0 + N0. 

Very pure nitric oxide is obtained (W. Pruni, 1S47) by shaking 
mercury witli concentrated sulphuric, aeid to which nitric acid or a 
nitrate has been added, and passing the gas over solid potassium 
hydroxide to remove any nitrogen dioxide : 

2HN0, 4 GHg l 3H 2 80 4 -- 2NO -i 3Hg 2 S0 4 4-4H 2 0. 

This reaction is used in the estimation of nitrites or nitrates, or of oxides 
of nitrogen in commercial sulphuric acid. The solid substance is dissolved 



Fig. 289. -Preparation of nitric* oxide 
from copper and nitric acid. 
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in the least amount of water and passed into the Lunge nitrometer (Fig. 
290), which consists of a graduated tube A , witli a stopcock B communi- 
cating with a small cup C , and an outlet tub© IJ, the 
whole being filled with mercury and provided with a 
levelling tube E . Concentrated sulphuric acid is then 
introduced and the mixture shaken violently with the 
mercury. The volume of nitric oxide is road off. 

Pure nitric oxide is evolved on dropping a solution 
of sodium nitrite and potassium ferrocyanide into 
dilute acetic acid : 

Fe(CN) 0 "" -f-NO./ + 2H’ =Fe(CN) e '" +NO + H 2 0, 

and by the aetion of sodium nitrite solution on an 
acidified solution of potassium iodide : 

21' + 2N(V +4H‘ =I 9 H- 2NO + 2H ? 0. 

The pure gas should be collected over mercury, as 
it acts slightly on water, evolving traces of nitrous 
oxide : 4NO 1 1I 2 0 - N a O + 2HN0 2 . 

Properties of nitric oxide. — Nitric oxide is a 
colourless gas, slightly heavier than air (normal 
density 1*3402 gm./lit.), and sparingly soluble in 
Fro. 290.— Lunge’s water. The volumes at S.T.P. absorbed by 1 vol. 

nitrometer. C) f ’water are : 

Temp. - - 0 C 15° 30° 60° 

Vols. of NO 0*074 0 051 0 040 0 0295 

It is not easily liquefied : the liquid, which has a somewhat darker 
blue colour than liquid oxygen, boils at -151*7° (when its density is 
1*260), and freezes at -163*6° to a solid of the same colour. The 
critical temperature is - 96°, and the critical pressure 64 atm. 

Nitric oxide is freely soluble in cold ferrous sulphate solution, forming 
a black liquid, as was observed by Priestley. The maximum absorption 
corresponds with FeN0 4 (N0), but the reaction is reversible, the absorp- 
tion depending on the temperature, the concentration of the ferrous 
salt (other ferrous salts, e.g. Fe01 2 , also absorb NO), the pressure, and 
the presence of other salts: Fe80 4 +NO ^ FeS0 4 (N0). The gas is 
readily evolved on heating. Manchot regards the compound as a 
nitroso- com pound [Fe(NO)]S0 4 ^ FeNO** + SO/', the nitric oxide being 
in the cation. Cobalt, nickel, manganese, chromium, and cuprous 
chlorides also absorb nitric oxide. The compound Fe(N0)Se0 4 is 
known in the solid state. 

Liquid or compressed nitric oxide slowly decomposes into N 2 0 3 and 
nitrous oxide, N 2 0» 4NO - N 2 0 3 f N.X>. This reaction also occurs 
slowly in presence of water (see above) or alkali : 4NO +2NaOH ^=N a O 
+ 2NaN0 2 i I1 2 0. 

Nitric oxide is slowly absorbed by acidified potassium permanganate 
solution : 3Mn0 ^ + 5N0 + 4H - _ 3Mn - + 5 N0 3 ' + 2H a O. 
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It is not appreciably absorbed by alkali, but dissolves in alkaline 
sulphite solution, forming a dinitrososulphite, Na B (NO) 2 K() ;i . 

Potassium dinitrososulphito K a (N()) 2 S().j separates in crystals when nitric 
oxide is passed over the surface of slightly alkaline potassium sulphite 
solution in a flask from which air is previously displaced by hydrogen. The 
dinitrosoflulphites at once evolve nitron u oxide with acids : K 2 (NO) 2 SQ 3 - 

k,so 4 + n 2 o. 

Nitric oxide combines with free oxygen to form red nitrogen dioxide : 
2NO t- 0 2 - 2N0 2 . By passing nitric oxide into liquid oxygen, or 
by the action of air on solid nitric oxide at ~ 180\ a green solid oxide 
N 3 0 4 is said to be formed. Nitric oxide and oxygen dried with phos- 
phorus pentoxide are said not to combine. 

Nitric oxide is the most stable oxide of nitrogen ; it begins to decom- 
pose into nitrogen and oxygen appreciably only above 1000”, and unless 
this temperature is reached combustion does not proceed in the gas. 
A burning taper, burning sulphur, charcoal, and feebly burning phos- 
phorus are extinguished, but brightly burning phosphorus continues 
to burn brilliantly, a red gas being produced as well as white clouds 
of phosphorus pentoxide : 

2NO-K, i 0 2 
1 > 4 i r>0 a ~2P 9 0 6 
2NO i 0 2 — 2N0 2 . 

A mixture of carbon disulphide vapour and nitric oxide, formed by 
shaking a few ml. of carbon disulphide in a jar of nitric oxide, when 
kindled burns with a brilliant blue flame. 

A mixture of hydrogen and nitric oxide (or nitric acid vapour, or 
any oxide of nitrogen except nitrous oxide) when passed over heated 
platinum is reduced to ammonia : 

2NO + 5H 2 -- 2NFT 3 + 2H 2 0. 

Nitric oxide is absorbed by concentrated nitric acid to a vellow solu- 
tion of N0 2 : 2HN0 a + N0«3N0 2 i H 2 0. With more dilute acid a 
green (N0 2 -f N 2 0 3 ) or blue (N 3 0 3 ) solution is formed. Beyond a certain 
dilution the acid absorbs very little gas. 

The composition of nitric oxide may be determined by heating a piece 
of potassium in a confined volume* in a bent tube over mercury, or a 
spiral of iron wire may be heated strongly by an electric current in a 
measured volume of gas confined by mercury. The oxygen is removed ( 
by the potassium or the iron, and after cooling the nitrogen occupies 
half the original volume of gas. Hence one molecule of nitric oxide 
contains half a molecule or one atom of nitrogen, and the formula is 
NOj,.. The density of the gas shows that the molecular weight is 30. 
This contains one atom, or 14 parts of nitrogen, and 30 - 14 = 1(5 parts of 
oxygen, i.e. 1 atom of each element, so that the formula is NO. (Nitric 
oxide does not explode with hydrogen when sparked unless previously 
mixed with an equal volume of nitrous oxide). 

The analysis of nitric oxide by heating finely-divided nickel in ’ the gas 
was carried out by R. W. (Jray (1905). The ratio N : O - 14 0085 : 10 was 
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found. The normal density of the gas was also found to be 1 3402, so that 
after a correction for compressibility (p. 105) the molecular weight (O — 16) 
is 30009; or N = 30009 - 16— 14009. The apparatus is shown in 

Fig. 291. The gas was 
contained in the bulb 
A , which was weighed 
first empty and then 
full of gas. The plati- 
num boat //, heated by 
a platinum spiral, con- 
tained the nickel. The 
IwlbJl/ contained char- 
coal. After decompo- 
sition was complete, 
the bulb M was put in 
communication with A 

Flo. 21(1. — Orav's apparatus for dotrnn.nmr the “ n<1 in*****! in 1M‘1 
composition of nitric oxide. air. 1 he nitrogen con- 

densed on the charcoal, 

and was weighed. The increase m weight of A gave the weight of oxygen 
which had combined with the nickel : 2NO i 2Ni - N 2 f 2Ni(). The atomic 
weight of nitrogen found b\ other methods is 14-008. 

Nitrous oxide. — Priestley in 1772 noticed that if nitrous air (NO) is 
allowed to stand in contact with iron or liver of sulphur (potassium 
sulphide) it contracts, and the gas (" diminished nitrous air ”) then 
supports combustion better than common air, although oxygen has 
been removed from the nitrous air. 

The flame of a taper in the gas is enlarged, as Priestley says ** by another 
flame (extending everywhere to an equal distance from that of the candle, 
and often plainly distinguishable from it) adhering to it." 

Priestley also obtained tin* gas by the action of diluted nitric acid on 
zinc or iron. It was carefully examined by Davy in 1799, who pre- 
pared it in the pure state bv a method discovered by Bert Ik >llet in 1785, 
viz. by heating ammonium nitrate. Davy determined its composition 
and examined its physiological action. He called it nitrous oxide. 
Its use as an anaesthetic and its peculiar effects (“ laughing gas ”) arc 
well known. 

Nitrous oxide is not easily synthesised. Chapman, <*oodman and 
Shepherd (1926) obtained it by passing an electric discharge through nitro- 
gen at low pressure in a tube of fused silica, the walla of which had previously 
been saturated with oxygon by passing a discharge through that gas at low 
pressure in the tube. 

Nitrous oxide is most conveniently obtained by the decomposition 
of ammonium nitrate by heat : NH^NO* = N 2 0 f 2H 2 0. This gas may 
contain some nitrogen. 

* 

Heat about 50 gm. of pure ammonium nitrate, previously driod at 105 , 
in a glass retort over wire gauze. The salt melts at 170° (when quite dry ; 
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usually at 1(>5 U ), and begins to decompose, below 2007 The reaction is 
exothermic : N!I 4 N(), N .X ) ; 2II«() t- 5 k. cal., and if the salt is heated 
above 250 ' it is liable to explode ; before this occurs, nitric oxide, nitrogen, 
and ammonia are evolved. 

The gas is purified from higher oxides of nitrogen by passing through 
potassium permanganate solution, from chlorine (derived from ammonium 
chloride in the ammonium nitrate) and nitric acid vapour by sodium 
hydroxide solution, and from ammonia by concentrated sulphuric 
acid, and is collected over warm water or mercury, or by downward 
displacement . 

Nitrous oxide is prepared for use as a mild anaesthetic ; it is carefully 
purified from chlorine, and nitric oxide and liquefied by compression in 
steel cylinders. 

Very pure nitrous oxide is obtained by mixing solutions of equi- 
moleeular amounts of hydroxy laniinc hydrochloride and sodium 
nitrite, warming gently if necessary : 

NHjjOH -i HN0,*X 2 0 t 2H a O. 

Nitrous oxide is produced by the reduction of moist nitric oxide by 
sulphur dioxide or sulphites, or of nitric acid by metals or stannous 
chloride under special conditions : 

2ND 4 SO, 4 11,0 - II,S()j i N,0. 

4Zn * 10HNO., (dilute) =4Zn(N0. t )o i oH.,0 {-N,0. 

2HN0 { -i 4Nn(V> 8H0U 4Sn01 1 + Tn.O. “ 

A mixture of 1 vol. of concent rat o< l sulphuric acid, I vol. of concentrated 
nitric acid, and 10 vols. of water is said to evolve fairly pure nitrous 
oxide with zinc. 

Properties of nitrous oxide. — Nitrous oxide is a colourless gas, about 
l \ times as heavy as air (normal density 1-0777 gm./lit.) with a faint 
sweetish odour and taste. It is appreciably soluble in water and more 
soluble in alcohol. The volumes at S.T.Ik al sorbed arc : 

Temperature - - 0° 5° 10° 15° 20° 25° 

1vol. of water -1-3052 10954 0-9l9ti 0 7778 0 0700 0-5902 

1 vol. of alcohol -4-178 3-844 3 541 3-208 3 025 — 

The solution has no act ion on litmus : nitrous oxide is a neutral oxide 
and does not behave as the anhydride of hvpoiiitrous acid, although it 
is formed by its decomposition : H,N,0,^N,0 i H,0. When cooled to 
-S)0 U or exposed to pressure (30 atm. at 0 ; 50 atm. at 15") the gas 
forms a colourless mobile liquid, b. pf . SS-7 1 ; the critical temperature 
is 36*5°, the critical pressure 71*00 a tin. It is thus rather easily 
liquefied, and the liquid exists under pressure at room temperature. 
The density of the liquid at the b. pt. is 1-20 , when cooled in liquid 
air, or when rapidly evaporated (not spontaneously on reducing the 
pressure, as in the case of liquid carbon dioxide), it forms a snow-like 
mass, with some transparent crystals, m. pt. -90 S'. 

Nitrous oxide supports combustion more vigorously than air, since 
on decomposition it yields a gas containing one-third its volume of 
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oxygen, as compared with one-fifth in air : 2N a 0 = 2N a + 0 2 . Decom- 
position of nitrous oxide begins at 520 , and is complete at 900°. At 
lower temperatures the principal reaction is 2N 2 0 =2N 2 -i- 0 2 , but at 
1 300° the reaction 2N a O - 2N O +• N 2 also occurs. The gas is decomposed 
by electric sparks, and some nitric oxide is also formed. This gives a, 
gas containing half its volume of oxygen, but does not support com- 
bustion so easily as air or nitrous oxide. This is probably because 
nitrous oxide is more easily decomposed by heat than nitric oxide, which 
is stable to about 1000°. Combustion in nitric oxide, once begun, is 
more brilliant than in nitrous oxide. 

A taper burns in nitrous oxide with a brilliant flame, and charcoal 
burns, and a glowing chip is rekindled, as in oxygon. (The dry gas should 
bo used). Nitrous oxido is distinguished from oxygen by its smoll, its 
greater solubility in water and alcohol, and the fact that it does not pro- 
duce a red gas with nitric oxide. 

Brightly burning phosphorus burns in nitrous oxide with a brilliant flame, 
forming phosphorus pentoxide and a little rod nitrogen dioxide. Feebly 
burning sulphur is extinguished, but brightly burning sulphur continues to 
burn vigorously with a double flame. The outer large, flickering, yellow 
flame corresponds with the reaction 2N a O— 2N 2 + 0 2 , and tho inner, bright- 
blue flame to the reaction S f 0 2 ---S0 2 . Sodium and potassium on heat ing 
burn in the gas to oxides, and iron wire burns as in oxygon. A hydrogen 
flame is greatly enlarged in nitrous oxide. The ignition points of hydrogen, 
ethylene and propylene are lower in nitrous oxide than in oxygen or air, 
probably owing to the catalytic effect of traces of nitric oxido formed. 

Nitrous oxide is an endothermic compound (N 2 + A0 2 = N 2 0 - 19*7 
k. cal.) and is decomposed into its elements by the shock of exploding 
mercury fulminate. If mixed with detonating gas (2II 2 -f 0 3 ), nitrous 
oxide is also completely decomposed on explosion, and this may be 
used to determine the composition of the gas. 

Two vols. of nitrous oxide when mixed with electrolytic gas and ex- 
ploded leave three volumes of gas (all the electrolytic gas is condensed to 
liquid water). On treatment with alkaline pyrogallol, 1 vol. of oxygon is 
absorbed, and 2 vols. of nitrogen are left. Tlius 2N A ,O y — 2N t + 0 2 , hence 
x= 2 and y— 1, and the formula is N s O. Gay-Lussac and Thonard ( 1 S J 1) 
determined the composition of nitrous and nitric oxides by heating potas- 
sium in a measurod volume of tho gas confined in a bent tube over mercury. 
With nitrous oxide, after cooling, an equal volume of nitrogen romained. 
The gas may also be decomposed by heated iron wire, as in the case of nitric 
oxide : in this way Jaquerod and Bogdan (1904) found that 1 vol. of N 2 0 
gave 1*00680 vols. of N 2 . 

These experiments show that nitrous oxide contains its own volume 
of nitrogen , and the formula is NoO*. The density gives the molecular 
weight 44. Rut this contains a molecular weight of nitrogen, N a , of 
weight 28, and therefore 44-28 = 10 parts, or one atom of oxygen. 
The formula is therefore N 2 0. 

The formula may be found by exploding the gas with hydrogen in a 
eudiometer (Davy, 1799). If 20 c.c. of nitrous oxide mixed with 20 c.c. 
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of hvdro^'n arc exploded, 20 e.e. of nitrogen arc* loft. The hydrogen 
must have combined with 10 e.e. of oxygen to form liquid water, so that 
2 vols. of nitrogen arc* combined in 2 vols. of nitrous oxide with I vol. 
of oxygen, and tin* formula is N\,0. 

Nitric, oxide docs not usually explode with hydrogen, but if mixed 
with an equal volume of nitrous oxide and with hydrogen, both gases 
explode when sparked. 

In on experiment a mixture of 20 o.c. of nitrous oxide, 20 o.c. of nitric 
oxide, and 40 e.e. of hydrogen was exploded. Thirty e.e. of nitrogen re- 
mained. Of this, 20 e.e. must have come from the nitrous oxide : 

N,(> -, L II, -x N, ! 11,0 

20 c.c. 20 c.c. 20 e.e. 

lienee the 20 e.e. of nitric oxide gave 30 20 10 e.e. of nitrogen. Again, 

20 e.e. of hydrogen are used up by the nitrous oxide, so that 40 - 20—20 e.e. 
of hydrogen have combined with the oxygen in the 20 e.e. ot nitric oxide, 
which must therefore. ha\ e been 10 e.e. Thus, 20 e.e. of nitric oxide contain 
10 e.e. of nitrogen and 10 e.e. of oxygen. <>r one molecule contains half a 
molecule or one atom of nitrogen, and half a molecule or one atom of 
oxygen. Hence tin* formula of nitric oxide is NO. 

Dinitrogen trioxide. — Red vapours obtained by distilling diluted 
nitric acid with arsenious oxide or starch, on cooling in a freezing mix- 
tun', give a dark-blue volatile liquid, which is dinitrogen trioxide, 

N»<){ : 

As.,0 , -i 2HXO, , 2H.,()~N„0, i 2H,As0 4 

“2(^11 1() 0 5 - IS HN0 3 = 9iNV) 3 4«(C10()H) 2 * 13H 2 0. 

Heat 100 gm. of white arsenic with SO ml. of nitric acid of sp. gr. 1-35 
(50 per cent. llNO i( ) in a large flask with a long tube connected by a 
paraffined cork with a glass worm cooled with ice and s&lt (Fig. 259). A 
deep-blue liquid condenses, and is collected in a tube in lee and salt. The 
tube may be sealed to preserve the liquid. Vapour a of higher oxides of 
nitrogen are thing* roust g poisonous. 

The red gas is absorbed by sodium hydroxide solution with formation 
of sodium nitrite, and by concentrated sulphuric, aeid with formation 
of nitrososulpburie aeid. It thus behaves as if it were nitrous anhydride, 

N2 ° :i : 2NuO H + N.,0 ;i - 2Na.N0. -i H .,0 

2S0g(0H)g i NgO., =■ 2S0.(0H)-0-N0 f H.,0. 

The vapour density shows, however, that the gas is a mixture of 
equal volumes of nitric oxide and nitrogen dioxide, so that N 3 () 3 in the 
gaseous state is almost completely dissociated : N. 2 0 ;t ^ NO f-N0 2 . 

Ramsay and Cundall (1885) collected gaseous nitrogen dioxide in a tube 
over mercury and introduced into it a thin bulb filled with nitric oxide. 
When the latter was broken there was no change of volume, whereas 
according to the experimenters there should have boen a contraction if 
N a O a is formed : 

NO f N0, = N,0, (contraction .1) ; 2NO + N 2 0 4 - 2N,O a (contraction J). 

T 
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Dixon and Pefcerkin (1899) pointed out that if* there had been no com- 
bination an expansion of nearly 10 <\e. should have occurred* due to dis- 
sociation of N 2 0 4 present in the nitrogen dioxide, owing to its dilution with 
the other gas : N 2 () 4 2NO a . »Sinco there was a contraction of about 0*3 
c.c., Ihcre must have been reaction leading t.o diminution of volume, which 
they assumed to be formation of N 2 ().,. With mtrogen dioxide and an 
indifferent gas, or with NO above 50', thorn was the normal expansion of 
10 c.c. The gas obtained by mixing 1 00 vols. of NO and 100 vols. of nitrogen 
dioxide (NO a and N 2 () 4 ) at 27' they calculated should have the following 
composition 


Before mixing - 

n 2 o 4 . 

- C>8 

N() 2 . 

32 

NO. 

100 

N 2 0 3 . 

0 

Total. 

200 

After mixing 

- 62 

38 

94 

6 

200 


According to H. B. and M. linker (1907), the blue I i< |ii id dried by pro- 
longed exposure to phosphorus pentoxido may be volatilised without 
decomposition. and lias a vapour density corresponding with N 4 O ft ; in 
presence of a trace of moisture it decomposes : N a O a v- NO 4 NO a . Other 
experimenters did not confirm this result. 

Liquid dinitrogen trioxide is obtained bv the action of nitric* oxide* 
on solid nitrogen dioxide cooled in liquid air. It is not oxidised to N() a 
by oxygen below ~ 1 00" * melts at - 102 ’, and (unless quite dry) begins 
to decompose at 21°. 

A mixture 4 of nitric oxide vith oxygen or air, if rapidly made in 
presence of alkali, is quickly absorbed with formation of nitrite only, 
and thus behaves as if it contained N 2 (L : 

4 NO 0> - 2NO 2N0 a ^2N T ,0. 

N ./), f -KOH 2K N0 2 ^ H,0. 

Jf the gas mixture is allowed to stand, it is more slow ly absorbed by 
alkali, wit!) formation of both nitrite and nitrate from the nitrogen 
dioxide formed by the complete oxidation of the nitric oxide : 

2NO + Go - 2 NO., 

2N0 3 ; 2KOH -KNO, ; KNO.r*- H.X). 

To 20 c.c. of pure NO in a .*1 cm. diameter tuho over mercury containing 
10 c.c. of < ‘oik iont rated ROM add rapidly 25 e.e. of air. Almost immediate 
absorption of the red gas occurs and 20 c.c. of N a remain. To 10 c.c. of 
NO in a second tube, without alkali, add 25 e.e. of air, and after 2 minutes 
add 10 e.e. of potash solution. The rod gas is absorbed and 20 e.e. of N a 
remain (Gay-Lussac, 1810). 

By means of a T-tube admit a. xmall amount of NO into a rapid stream 
of air passing into a large flask. Dork the flask and allow it. to stand with a 
piece of white paper behind. Obserxe the alow appearance of the yellow 
colour due to NO a , indicating the time required for the oxidation of NO in 
dilute gases. 

These reactions were thought to show that N 2 0 3 is the first product 
of oxidation of NO and is then further oxidised to N0 2 , but they may 
be explained by the slowing down of the speed of oxidation of NO to 
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NO, when half the NO is oxidised in the termolecular reaction : 

2N0 4 0 2 = 2N0 2 . 

Nitrous acid and nitrites. -Scheele (1774) found that the residue after 
heating nitre (potassium nitrate) effervesced with acids and gave a red 
gas, lienee he concluded that it is a salt of a new acid ; it is potassium 
nitrite : 2KNO ;i — 2KNO a + 0 2 . The reduction occurs at a lower tem- 
perature by fusing potassium or sodium nitrate with lead or copper, 
extracting with water, filtering from the metallic oxide, and evaporating : 

NaNO s + Vb - NaN0 2 + Pl>0. 


A little sodium hydroxide is lormod, since nitrites decompose at a high 
temperature : ' , NflN() ^ NM > , NaNO> , 2NO 

ONiiNOj— N«,0 i 3N»XO, + N, 

Nh, 0 + H 2 () - 2NaOII. 


This dissolves lead oxide. Load hydroxide is procipitated by neutralising 
with nitric acid. The crystals of sodium nitrite are dried at 50". They have 
a yellowish colour and usually contain some nitrate. Potassium nitrite may 
bo obtained similarly but does not crystallise well, lienee it is precipitated 
from the solution by alcohol, or is fused and cast into sticks. 

Purer nitrites are formed by passing the red gas evolved on heating 
nitric acid with arsenious oxide into a solution of alkali (sp. gr. 1-38) or 
carbonate out of contact with air : 


2KOH j (NO - NO,) 2KNO, -c H 2 0 
Na.UOa , (NO i NO,) 2NoNO, ; C0 2 . 

Pure potassium nitrite is obtained by decomposing amyl nitrite with 
alcoholic potash : 

(\H n N0 2 ! KOH (^HnOll (amyl alcohol) ■+■ KNO,. 

Potassium and sodium nitrit(‘s arc slightly, and their concentrated 
solutions markedly, yellow. The solutions are not alkaline when the 
salts are pure. Sodium nitrite melts at 28 f°, and 4 parts dissolve in 5 
parts of water at Iff . Its crystals are thin flat rhombic prisms, moder- 
ately deliquescent ; it may be purified by recrystallisation (unlike 
KN0 2 ). Potassium nitrite, rn pt. 441, forms minute short numoelinic 
prisms containing no water ; it is not deliquescent when quite pure, 
and is soluble in one-third its weight of water. 

Barium nitrite is prepared by mixing hot, almost saturated solutions of 
sodium nitrite and barium chloride, filtering from sodium chloride in a hot- 
wator funnel, and allowing the filtrate to crystallise : 2NaNOo f BaCl 2 ^ 
2NaCl + Ba(NC) 2 ) 2 . The salt is recrystal I isod and dried over sulphuric acid, 
when it forms Ba(N0 2 ) 2 ,H 2 0. 

Silver nitrite AgN() 2 is obtained as a yellowish- white, sparingly soluble 
(0*33 gin. in 100 water at Iff ) precipitate, when alkali nitrite is added to 
silver nitrate solution. It is purified by rocrystalhsation from hot water. 
Nearly all other nitrites are soluble. 

If a dilute acid (even acetic) is added to a nitrite solution, free nitrou* 
acid HNQ 2 is formed, but this decomposes, nitric oxide and nitrogen 
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dioxide being liberated. The solution has a pale-blue colour, due to 
NoO ;v The decomposition of nitrous acid in fairly concentrated 
solutions is probably : 

2I1N0 2 ^ N 2 0 3 4 H 2 0 ^ NO + NO a i H 2 0. 

In dilute solutions it decomposes according to the equation : 

3HN0, HNO :l 4 2N0 4 H 2 0. 

The amount of nitrous acid or N 2 0 ;) left is never more than a few per 
cent. A pale-blue pure dilute solution of nitrous acid is obtained by 
precipitating a solution of barium nitrite with dilute sulphuric acid ; 
it slowly decomposes, especially on heating or shaking, with evolution 
of nitric oxide. The free acid can be titrated with sodium hydroxide 
and alizarin red as indicator. Nitrous acid is rather weak : 

if 0 = [H*J [N0 2 ']/[HN0 2 T=r> x 10 4 at 15°. 

Nitrous acid and nitrites are reducing agents: HN0 2 4 0-HN0 2 
They reduce acid permanganate, dichromate, and bromine water, but 
not alkaline permanganate. They may be estimated in solution by 
running into excess of warm acidified ]\ 7 / m 2 potassium permanganate, 
and titrating the excess with standard oxalic acid : 

2Mn0 4 ' 4 f>N 0 2 ' 4 OH* -2Mn" 4f>N0 ;l ' 4 3H 2 0. 

The reaction with bromine water is: 

HNO, 4 Br 2 4 H 2 0 - HNO, 4 21f Br. 

Nitrous acid and nitrites sometimes act as oxidising agents : 2HN0 2 
-2NO 4 O -t H 2 0, Iodine is liberated from acidified potassium iodide : 

2HI i 2H N0 2 - 2H 2 0 + 1 2 -t 2NO, 

indigo is bleached, stannous chloride is oxidised to stannic chloride : 

2SnCl 2 4 4HC1 i 2HN0 2 - 2SnCl 4 4 N 2 0 I 3H 2 0, 
ferrous salts an? oxidised to ferric salts : 

2Fe“ 4 2N0 2 ' 4 4H‘ -21V 4 2NO 4 2H 2 0, 

sulphur is precipitated from hydrogen sulphide, and sulphur dioxide is 
oxidised to sulphuric acid. In presence of atmospheric oxygen, NO 
will reproduce nitrous acid, so that a small amount of nitrous acid may 
act as a carrier of oxygen. 

The liberation of iodine from potassium iodide (blue colour with 
starch) is a test for nitrous acid or a nitrite in acid solution. Still more 
delicate tests are (i) the brown colour with a solution of mctaphenylene- 
diamine hydrochloride in hydrochloric acid, and (ii) the intense pink 
colour with a mixture of solutions of sulphanilic acid and a-naphthyl- 
amine in acetic acid. These two reactions are used to determine nitrites 
in water. 

The reagents are prepared as follows : (a) Dissolve 1 gm. metaphenylono- 
diamine in concentrated hydrochloric acid and dilute to 200 ml. (b) Dissolve 
1 gm. sulphanilic acid in 10 ml. glacial acetic acid 4 50 ml. water and 
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dilute to 250 ml. Dissolve 0*2 gm. a-naphthylamine in 10 ml. glacial 
acetic acid 4 50 ml. water and dilute to 300 ml. Mix equal volumes 
before use. 

Nitrites detonate violently when heated with thiosulphates or cyanides. 
A mixture of sulphur, potussium carbonate and nitre, or of nitre and potas- 
sium cyanide, detonates violently when heated. These mixtures sometimes 
cause surprises in qualitative analysis. 

Nitrogen dioxide and dinitrogen tetroxide. -If nitric oxide is mixed 
with oxygen or a gas containing free oxygen, a red gas is produced. 
This consists mostly of nitrogen dioxide : 2NO 4 () 2 = 2N0 2 , but below 
140° part is associated to form dinitrogen tetroxide : 2N0 2 ^N 2 0 4 . 
The oxides N 2 0., and N0 2 were first clearly distinguished by Gay- 
Lussac and bv Dulong in 181 b. Nitrogen dioxide was discovered by 
Priestley in 1777. 

If a dry mixture of 1 vol. of oxygen and 2 vols. of nitric oxide is 
passed slowly through a large bulb so as to allow time for complete 
oxidation, and then through a 
spiral tube cooled in a freezing 
mixture, yellow liquid dinitro- 
gen tetroxide is condensed. 

But the reaction 2NO i 0 2 — 

2N0 2 requires time for com- 
pletion, and if the mixed gas 
is passed rapidly into a cooled 
tube a green liquid condenses, 
which is a mixture of dinitro- 
gen tetroxide and blue di- 
nitrogen trioxide formed from 
the dioxide and unchanged 
nitric oxide. If the gases are moist the liquid is always green : 

4NU,-: H 2 0 ==■ 2 HNO 3 + N 2 () :l . 

The velocity of the reaction 2NO a 0 2 2N0 2 decreases with rise in 

temperature ; at - 184° it is 100 times as fast as at 0°. 

Nitrogen dioxide is formed by the action of concentrated nitric acid 
on copper or bismuth : 

Cu 4 4HN0 :l -Cu(N0 3 ) 2 + 2N0 2 4 2H 2 0. 

It is usually prepared by the decomposition of lead nitrate by heat : 
2Pb(N0 3 ) 3 = 2Pb() 4 - 4N0.> + 0 2 . 

The gas may be* passed through a phosphorus pentoxide tube to dry it, 
and passed into a spiral condenser cooled by a freezing mixture (Fig. 259), 
the liquid formed being collected in a cooled tube, which may be sealed. 
The vapour is poisonous. 

Heat dry powdered lead nitrate in a hard glass tube, and pass the gas 
evolved through a U-tube cooled in a mixture of ice and salt (Fig. 292). 
A yellow liquid collects. Hold a glowing chip over the exit of the 
collecting tube : it bursts into flame, showing that oxygen is also evolved. 



Tin. 292. Preparation of nitrogen dioxide 
from load nitrate. 
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Pour the N 2 0 4 on crushed ice in a test tube. A deep-blue layer rich in 
N a 0 3 separates: 2N,0, + 2H a O ^ 2HNO a + 2HNO s ^ N a 0 3 + 2HN0 3 + H 2 0 
(Fritsche, 1840). 

A more convenient method of preparing nitrogen dioxide is by the 
action of nitric acid and phosphorus pentoxide on a mixture of nitrous 
anhydride and nitrogen dioxide, obtained by distilling arsenious oxide 
with a mixture of concentrated nitric acid and half its weight of con- 
centrated sulphuric acid (Ramsay and Cundall, 1890) : 

N A + 2HNO a ^ 2N 2 0 4 4- H 2 0. 

To the blue liquid obtained by distillation add excess of P 2 0 6 and 
fuming nitric acid drop by drop until the colour changes to yellow. The 
mixture should bo kept well cooled in a freezing mixture. Distil and 
collect as before. 

The best method of preparation is to heat nitrososulphuric acid 
(“ chamber crystals ”) with dry potassium nitrate : 

N0 HS0 4 + KN0 3 -N 2 0 4 I khso 4 . 

Pass sulphur dioxide slowly into well cooled fuming nitric acid in a retort 
until the liquid becomes a pasty mass of crystals of nitrososulphuric acid. 
Add dry powdered potassium nitrate, stir well, stopper the retort, heat- 
gen tly and collect tho Nj0 4 as above. 

Properties of nitrogen dioxide. — Dinitrogcn tetroxide in a good 
freezing mixture solidifies to pale-yellow, nearly colourless crystals 
melting at -9-04° to a honey-yellow liquid (the liquid supercools 
strongly). The solid probably consists almost entirely of N 2 () 4 , which 
appears to be colourless. The liquid at the melting point already con- 
tains some N0 2 , which is strongly coloured. On wanning, the colour 
deepens ; at 10° it is yellow, at 15° orange, and at 21*9° it is reddish- 
brown, and the liquid boils, giving a red vapour. The colour of the 
vapour darkens on further heating, as mav be seen by comparing two 
bulbs containing it, one at the ordinary temperature : at 40° it is 
almost black. 

The colour change accompanies a decrease in density (reduced to 
S.T.P.) to 140°, when the density becomes constant' and corresponds 
with N0 2 . The intermediate densities correspond with the dissocia- 
tion : N 2 0 4 ^2N0 2 . Values fori atm. pressure (density referred to 


oxygen - 1 6) are : 

Temperature 

Density 

Dissociation 

21*9° (b. pt.) 

39*81 

15-7 

26*7 

38-3 

20-1 

00-2 

30- 1 

52-8 

100-1 

24-3 

89-3 

135-0 

23 1 

99-1 

140-0 

22-90 

100-0 


Above 140°, the density decreases and the colour becomes paler, 
owing to dissociation : 2N0 2 2N0 + 0 2 , until at 620° the gas is 
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colourless and dissociation is complete. Recombination occurs on 
cooling : 

N 2 0 4 solid N 2 0 4 liq. ^ N 2 0 4 (vap.) ^ 2N0 2 ^ 2N0 + ()„. 

- 9*04° 21-9° 140° 620° 

The composition of nitrogen dioxide is found by passing it over 
copper heated to bright redness (otherwise NO is formed) : 

4Cu + 2N0 2 - 40u0 f N 2 . 

Nitrogen dioxide vapour is a sup})orter of combustion : it kindles a 
glowing chip and strongly burning phosphorus and carbon burn in it. 
’ Potassium inflames spontaneously in the gas, heated sodium burns in it, 
and a spiral of heated iron wire combines with the oxygen, leaving half 
the volume of nitrogen : 2N<) 2 — N 2 2(D. The composition of the gas 
may be determined in this way. Tin is oxidised to dioxide, carbon 
monoxide to carbon dioxide at the ordinary temperature ; hydrogen 
sulphide deposits sulphur and the nitrogen dioxide is reduced to nitric 
oxide : N0 2 + IDS - NO r H 2 <) A mixture of the gas and hydrogen 
is reduced to ammonia on passing over heated platinum : 2N0* -f 7H.> - 
2NH { -i 4H 2 0. 

Nitrogen dioxide is absorbed by concentrated sulphuric acid to form 
nitrososiil})liurie acid and nit.ru: acid, and since these decompose each other, 
a state of equilibrium is attained: N.,() t i H 2 S() t S() 2 (()H )*0*N0 
HN0 3 . The gas is absorbed by alkalis with formation of a mixture of 
nitrite and nitrate: 2K.OM ^ X. 2 0 4 — KNO., r KNO^ IDO. Baryta be- 
comes incandescent at 200 in the i*as. Quicklime, and oxides of zinc, 
aluminium, and lead, absorb the gas on heating, but free nitrogen and 
nitric oxide are liberated with quicklime (Oswald, 1014), from the calcium 
nitrite lirst produced (Partington and Williams, 1921) : 

2Ta(> i 4NO. ( 4 a(NO } ) 2 -f (^(NO,). 

Cn(N().) 3 f 2NO. - ra(NOj 2 \ 2NO 
Ga(N() 2 ) 2 i 2ND Ga(N().}) 2 f X 2 . 

Nitrogen dioxide rtwls with copper forming cuprous oxide, which then 
absorbs a further quantity of the gas : 2Gu -f NO, CmO-f NO (Park and 
Partington, 1921) : the so-called nit ro-copper ” produced is not a definite 
substance. 

Hyponitrous acid. — Divers (JS71), by reducing a solution of sodium 
nitrite or nitrate with sodium amalgam, neutralising with acetic acid, 
and adding silver nitrate, obtained a yellow precipitate of silver hypo- 
nitrite Ag 2 N 2 0 2 . Sodium hyponitrite Na 2 N 2 () 2 is best prepared by 
reducing a concentrated solution of sodium nitrite with liquid sodium 
amalgam . 

Excess of sodium amalgam is added to a solution of 25 gm. of sodium 
nitrite in 75 ml. of water : the react ion evolves heat, and by the prolonged 
action of the amalgam the liydroxylaminc formed is removed. The result- 
ing ammonia is removed by exposing the solution over concentrated sul- 
phuric acid in a vacuum desiccator. Granular crystals of sodium hypo- 
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nitrite, Na 2 N 2 0 2 ,5H 2 0, slowly separate. They are washed with alcohol and 
again exposed in the vacuum desiccator, whon they fall to a white powder 
of anhydrous salt, Na 2 N 2 0 2 , stable in air.’ 

Hyponitrous acid is formed in small quantities by the action of 
nitrous acid on hydroxyl am int‘ (Wislicenus, 1893) : 

HO - N H z + 0 : NOH = HO N : NOH + H 2 0, 

but most of it decomposes into water and nitrous oxide : H 2 N 9 0 2 - 
N 2 0 + H a 0. 

To a solution of hydroxylamine sulphate add sodium nitrite solution. 
Heat rapidly to <>0°, then add silver nitrate solution. A canary-yellow pre- 
cipitate of silver hyponitrite is formed. If the conditions are not correct, 
a yellowish-white precipitate of silver nitrite, is obtained. 

Sodium hyponitrite is formed in poor >ield by warming sodium hydroxyl- 
amine sulphonato with sodium hydroxide : 2HO*NJI’JSO a Na f 4NaO]I - = 
Na 2 N 2 0 2 + 2Na 2 S0 3 + 4H 2 0. Tlie products formed by passing nitric oxide 
into a solution of sodium in liquid ammonia, or the sodium compound of 
pyridine suspended in benzene, have boon supposed to be sodium hypo- 
ni trite : 2Na -t 2NO — Na a N 2 0 2 . 

If silver hyponitrite is added gradually to an ether solution of hydro- 
gen chloride in absence of moisture, and the filtered solution evaporated 
in vacuo, crystalline laminae of free hyponitrous acid, H 2 N 2 0 2 , art 1 
formed, which explode feebly when drv. The solution decomposes with 
evolution of nitrous oxide : H 2 N 2 0 2 ~ H 2 0 -f N 2 0. 

Hyponitrites in acid solution reduce permanganate : 

5HoN t ,0« 4 SKMnOj t I2H.S0 4 - 

1 OllN O a + 4 K 2 S0 4 i SMn80 4 + l2H a 0. 

In alkaline solution a nitrites is formed. They are very stable towards 
reducing agents. 

The formula H 2 N 2 0 2 of the acid is supported by the following 
evidence : 

1. Acid and normal salts Ba(HN 2 0 2 ) 2 and BaN 2 0 2 are known. 

2. The lowering of freezing point, of the solution of the acid corresponds 
with H 2 N 2 0 2 . 

3. By the action of ethyl iodide on silver hyponitrite, ethyl hyponitrite 
is obtained, the molecular weight of which corresponds with the formula 
(C 2 H 6 ) 2 N 2 0 2 . 

4. The esters have no dipole moment, hence the formula of hyponitrous 
acid is the Jrans-modificat inn, the two N — OH groups being on opposite sides 

HO -N 

of the double bond : || 

N— OH. 

The salts and esters decompose on heating : 

3Na 2 N 2 0 2 2NaNO, I 2Nn*0 f-2N a 
(CH 3 GH 2 ) 2 N 2 O a - CH 3 CU 2 OH + CH.CHO + N t . 
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By the action of sodium on NaN0 2 dissolved in liquid ammonia, yellow 
sodium hydronitrite Na 2 N0 2 is formed, which explodes in moist air (Maxted, 
1917). 

Nitramide. — By the nitration of potassium imidosulplionate under special 
conditions, and hydrolysis, an isomer of hyponitrous acid called nitramide 
is formed : 

HN(SO a H) # - >N0 2 TsT • (S0 3 H)^N0 2 N1I 2 + 211,80,. 

211 : Oil 

Thiele and Lad imant i represented it as NlI/NO a , i.e. the amide of nitric 
acid, or as HN:NO(OH), i.a. the iiuide of nitric acid, NO«-OH (one oxygen 
atom being replaced by ~Nli). Nitramide is a white crystalline solid, 
inoro stable than hyponitrous acid hilt readily decomposing into water and 
nitrous oxide. It lias feebly acidic properties and forms a mercuric salt 
HgNNO*. 

Hyponitric acid, — Tf methyl nitrate is added to a solution of free hydro- 
xylamino and sodium methoxido in methyl alcohol, the sodium salt of 
hyponitric acid Na 2 N a 0 3 , is obtained : 

NUoOTI + Clf 3 X0 3 = II 2 N 2 0 3 -1- CIT3OII 
D 2 N 2 0, ».2CII,ONa-*N« 3 N a O» I 2CH/W. 

This is slowly decomposed hv boiling with water: 2Na 2 N 2 0. J -fTl 2 0~ 
2NaNO* + N s O + 2NaOH. The solid salt when heated decomposes into 
nitrite and hyponitrite : 2N’a a X’ s 0 3 ~ Na 2 N 2 O a -t- 2NaNO a . On acidifying 
the salt, the free acid liberated at once decomposes into nitric oxide and 
water: TT a N a O s - 2NO + H 2 G. 

Nitrosyl chloride. — A mixture of 1 vnl. of cniiccntrated nitric acid and 
4 vols. of concentrated hydrochloric acid was called by tlie alchemists 
aqua regia because it dissolves gold, “ the king of metals J ; it owes this 
property to the presence of free chlorine. Oil warming aqua regia , it 
evolves an orange- vellow mixture of chlorine and nitrosyl chloride 
(Gay-Lussac, 1848)*: Hi\0 3 + 3HC1 -N0G1 i CL-f2H 2 0. The gas is 
dried by calcium chloride and passed into concentrated sulphuric 
acid : chlorine passes on, whilst nitrosyl chloride is absorbed as 
nit rososulph uric acid : NOOl -i S0 2 (OH) 2 — S0 2 (0TIV0*N0 + IIC1. (The 
nitrososulphurie acid can he* prepared in other ways : see below). 
When nit rososulph uric acid is warmed with sodium chloride, pure 
nitrosyl chloride is evolved : 

S0 2 (0HHKN0h NaCl = S0 2 (0H)0Na 1 NOOI. 

Nitrosyl chloride is formed by direct combination of nitric oxide and 
chlorine, more rapidly in presence of animal charcoal at 40° — 50° : 
2NO + Cl 2 -2NOC1 ; and since it is the acid chloride of nitrous acid, by 
the action of phosphorus pontaehloridc on potassium nitrite : PC1 5 + 
KN0 2 =sN0Cl-t POGlg + KG1. 

Nitrosyl chloride is an orange- yellow gas with a suffocating smell, 
condensing to a ruby-red liquid, b. })t. 5-5°, density T4 at . - 12^, 

forming in liquid air a lemon-yellow solid, red at the m. pt. - GT5°. 
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It is readily decomposed by water and alkalis: NOC1+2KOH™ 
KN0 2 4 KOI -f H 2 0. Jt has no action on gold or platinum, but attacks 
mercury and most other metals: 2Hg 4 2NOC1 ~Hg 3 Cl 3 h- 2NO. It is 
stable, but dissociates above 700 u : 2NOCI v~2N0 f 0L>. It forms com - 
|)Ounds with many metallic chlorides, e.r/. ZnCl a ,NOCl : FeCl 3 ,NOCl ; 
with MnCI a and FeCI 2 , the compounds MnOl.^NO ] and Fe01 ;l [N0| are 
formed. 


Nitrosyl bromide, NOBr, a blockish-brown liquid, b. pt. - 2', is formed 
by passing nil ric oxide into bn >mine at 1 ;V'. At the ordinary temporal ore 
NOBr a is formed. Nitrosyl fluoride, NOF, a gas, b. pt. 59-9 , m. ])t. 

- 132*5', is formed by the reaction NO(4 \ AgF NOF ! AgPI. Nitrosyl 
perchlorate, NOCK) 4 , is a solid formed by passing NO r NO, into very con- 
oontratod perchloric acid. 


Nitrosyl hydrogen sulphate or nitrososulphuric acid. — This compound, 
which is formulated as (N0)HS0 4 or N0 2 (OH)*ONO, supposed to 
be formed as an intermediate stage (chamber crystals) in the lead chamber 
process, can be obtained in a number of ways. It was obtained b\ 
Clement and Desormes in ISO(> by the interaction of oxides of nitrogen, 
sulphur dioxide, and a regulated amount of moisture tp. 475) : 

3N0 2 f 2SO a » H.,0 2SO a (OIl)-OXO 4 NO. 

It is formed on ]>assing the red vapours from arsenic trioxide and nitric* 
acid (p. 549) into cooled concentrated sulphuric acid : 

NO + NOo ^ N,0 :{ f 2H,S0 4 ^ 2S0 a (0H)-0-N0 f H,0. 


Nitrososulphuric acid is violently decomposed by water, with effer- 
vescence, evolving red fumes, so that the reaetion is reversible. It 
dissolves in concentrated sulphuric. acid and in sulphuric acid containing 
not more than 35 per cent of water, but in more dilute acid decomposi- 
tion occurs, and the nitrogen compounds are then almost completely 
expelled on heating. 

Pure nitrososulphuric acid is best prepared by passing sulphur 
dioxide slowly into well-cooled fuming nitric acid (containing oxides of 
nitrogen), and draining the white crystals so formed on a porous tile 
In a desiccator : ^ + H NO^S0 2 (OH)-(>-NO. 


The crystals melt with decomposition at 73° and white crystalline 
nitrosyl disulphate, (N()) 2 S 2 () 7 or ()(NO O*SOo) 2 is formed, m. pt. 217 
b. pt. 3b() J . 


Nitrosyl disulphate is more conveniently prepared by the action of nitric 
oxide on sulphur trioxide at 200 1 : 3NO a 4 2NO- (N0) 2 S 2 0 7 4 JS0 2 , or by 
the action of liquid sulphur dioxide and nitrogen dioxide in a sealed 
tube : 2S() 2 4 3NO, - (NO) 2 S a <) 7 4 NO. 


Higher oxygen compounds of nitrogen. — By the action of a silent dis- 
charge on a mixture of nitrogen and oxygen, Hautofeuille and Chappies 
(1881-2) obtained a higher oxide of nitrogen which they supposed was 
dinitrogen hexoxide N 2 O fl , the gas having a characteristic absorption spectrum. 
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It forms an oxidising solution with water, supposed to contain pernitric 
acid : N 2 0 6 f H 2 0 ~HN0 4 f HNO :{ . Rascliig ( 1904) found that a mixture 
of sodium nitrite solution and hydrogen peroxide liberates bromine from 
potassium bromide solution, which neither doos separately, and supposed 
that pernitric acid is formed. According to (lieu (1935) the oxidising sub- 
stance is pemitrous acid O N —O — OH (isomeric with nitric acid). I 

Structure of oxides and oxyacids of nitrogen. — The nitrous oxide 

molecule is linear and has two atoms of nitrogen adjacent : its formula 

may be written :N* *N*:0: or NV~N— O. The structure of 
nitric oxide must involve an odd electron and may be written as a 

resonance, hybrid of :N::0: and :N::0: or with a three-electron 

bond : O : :N: (Pauling, 1931). The nitrogen dioxide molecule also 
contains an odd electron and may be formulated as a resonance hybrid 

of : 0 : : N : 0 : and :0:N::0: or of : 0 : : X i 0 : and :0:N::6: 

and the molecule is probably bent. Dinitrogen tetroxide appears to have 

0 ,0 : 0 : : N : O : 

a link between the two nitrogens .N — -Nf or > 

0 1 J 0 : 0 : : N : O : 


the bonds to oxygen being equalised by resonance; or it may be nitrosyl 
nitrate 0 ;i N-N0. The struct im» of dinitrogen trioxide may be 0 -NON - 0 


or OgN-NO. 


Dinitrogen pentoxide is formulated as 


O „0 

J'N — 0 — , 


:(): :<): 


. . v x . . x x 

: 0 J N f 0 7 X ; (): , by analogy with the formula of nitric acid (see 

below). The electronic formulae of nitric acid (I) and of the nitrate ion 
(11) may be written : 

: 0 : O 


I. : 6 ; N T 6 o H Lc. 0<— N — 0 — H 

: 0: 0 

.. ;; .. II 

II. [: 0 ; N 7 O :]' ».e. 0< -N— O' 

but the three bonds between oxygon and nitrogen (which are all of 
different types in the above formulae) are levelled out by resonance, 
e.gr. among the structures : 

0 O 0' 

I! 1 1 

0,„N— O' O'— N-~0 

so that the bonds become identical. 


>0 
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The nitrate ion in .solid salts is shown by X-rays to be a flat equi- 
lateral triangle with the nitrogen in the centre and the three oxygens 
at the vertices (cf. the carbonate and sulphite ions, p. 470). 

Nitrous acid may be formulated as H ‘ 0 O ; N * : 6 i.e. H — O — N=0, 


the nitrite ion being [: C): N: :0]'. The H atom in the acid, or the 


radical R in tin* esters (e.g. C 2 H 5 N0 3 , ethyl nitrite), is directly attached 
to oxygen, since the esters on reduction yield alcohol and ammonia 
(with some hydroxylamine) : RO N 6 + OH = ROH + NH 2 t H a O. 
In the nit ro- com pounds (which are derivatives of nitric acid), e.g. 
C 2 H 5 N0 2 nitroethane,’ isomeric with nitrites, and formed by the action 
of silver nitrite on alkyl iodides, the radical is directly attached to 
nitrogen, since on reduction they yield amines : RN0 2 i OH = R-NH.> 
+ 2H a O. In the nitro-group, -NO*, one oxygen is attached by a 
double bond and the other by a coordinate link, with resonance, as in 
nitric acid : 



Nitrogen never has a covalency greater than four, the old formulae 
involving quinquevalent nitrogen being incorrect. Silver and mer- 
curous nitrites are pale yellow solids and may have the nitro-group 
structure. 

Nitrogen sulphides. — Nitrogen sulphide N 4 S 4 is an orange-rod crystalline 
solid obtained by the action of dry ammonia on a solution of sulphur 
chloride and chlorine in benzene: I6NH 3 M»NCi a - N 4 S 4 i 28 4 12NH 4 (-1, 
or on thionyl chloride, or by the action of sulphur on liquid ammonia, 
10S 4 4NH 3 N 4 S 4 l 6H 2 S. it melts at. 178 ', is explosive on ])ereussion: 
and is decomposed by hot water. Jt combines with chlorine to form a 
tetrachloride N 4 8 4 C1 4 , and reacts with S 2 Ci 2 to form thiotrithiazyl chloride 
N 3 8 4 C1, which is converted by nitric acid into a crystalline nitrate N a S 4 *N0 8 . 
The molecular weight of nitrogen sulphide in solution corresponds with the 
formula N 4 K 4 ; its structure is not known. A blue modification of N 4 8 4 is 
obtaine<i by sublimation of the ordinary form over silver gauze. Nitrogen 
pentasulphide N 2 K 5 is formed as a deep-red liquid, m. pt. 10° - 11", whon 
N 4 8 4 is heated with carbon disulphide m a sealed tube at 100°. It decom- 
poses on heating. 

Sulphonic acids of hydroxylamine and ammonia. — The following com- 
pounds are ail sulphonic acid derivatives of hydroxylamine, in which H is 
substituted by — 80 8 *0H : 

Hydroxylamine 

HO-NH* 

HONH(S0 3 H) HON(SOjH)j HS0 s 0N(S0 8 H) 2 

H. monosulphonic acid H. disulphonic acid H. trisulphonic acid 

S0 3 H ONH 2 S0 3 H O NH (S0 3 H) 

H. iso -monosulphonic acid H. eso -disulphonic acid 
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Hydroxylamine mono-and disulphonatesaro formed by the action of nitrites 
on acid sulphites, ax described on p. 524. 

The first product appears to be hydroxylamine disulphonic acid : 

MO NO i 2H-SO,H H0 N(S0 3 II) 2 i II 2 0. 

This may undergo hydrolysis or further sulphonation : 

HO N (S0 3 11 ) 2 f 1 1 ,0 — H O N H SO ,H (hydroxylamine monosulphonic acid) 

4 tt 2 so 4 . 

If0N(S0 3 M) 2 4 H*S0 3 H = N(»S0 s H) 3 (nitrilosulphonic acid) 4- H 2 0. 

These substances are intermediate products in the oxidation of sulphurous 
to sulphuric acid by means of nitrous acid. 

By the action of KN0 2 on KMS0 3 in solution potassium hydroxylamine 
disulphonate is formed : 

KNO., (-3KHSO,- H0-N(S0 < K) t -hK,S0 3 + H I 0. 

On adding load dioxide the potassium salt of hydroxylamine trisulphonic acid 
is formed (Fremy, 1845 ; Haga, 1904) : 

H0-N(S0,K), + K 1 S0 3 t l , h0 3 -s(KS0 3 )0-N T ( , S0 3 K) a + PbO » KOI1. 

With very dilute acid this loses one KO a K attached to nitrogen, giving a 
salt, of hydroxylamine ho -disulphonic acid KSO a O NH-SOJv (Raschig, Haga, 
1906). Hydroxylamine ino- monosulphonic acid is obtained by the action of 
chlorosulphonic acid on hydroxylamine salts (Sommer, 1914) : 

NH 2 ()H i nHSO.^HCl + NII.-O-SOjH. 

Jt is the amide of Faro’s acid and has oxidising properties, liberating 
iodine from Kl. 

By oxidising a warm solution of potassium hydroxyl amine disulphonate 
with load dioxide, a bluish -violet solution of potassium nitrosodisulphonate, 
()N(SO a K) s is formed : 

2H() N(S0 3 K) 2 - PhO t - 20N(S0 3 K) 2 4- H 2 0 4 PbO. 

The blue solution is paramagnetic and probably contains (he free radical 
with an odd electron : 

K0 3 S :N: 80 3 K 

but the golden-yellow needles deposited from it are diamagnetic and hence 
probably d imcric [ ON (SO a K) 4 1 2 . 

The action of sulphur dioxide on nitrososuiphuric acid (“chamber 
crystals”) produces an unstable purple liquid which Raschig supposed to 

O 

il 

contain mtrosisulphonic acid, H0NS0 3 H, which readily decomposes with 
evolution of nitric oxide : H a SN0 8 = H 2 S0 4 I NO. A purplo ferrous salt is 
formed when nitric oxide is passed into a solution of ferrous sulphate in 
concentrated sulphuric acid, and seems to be the cause of the purplo colour 
formed in the “ brown ring test ” when only small amounts of nitrates are 
present, Moncliot regarded the purple ferrous compound as a nitroso- 
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compound |Fe(N())]N0 4 , and flantzsch regarded the purple acid as a 
hydronitroso-salt [NOH]HS() 4 formed by reduction of [N0]HS0 4 . 

Nitrilosulphonic acid, N(S0 3 H) 3 , is a derivative of ammonia ; crystals of the 
potassium salt are formed by the react ion between con cent rated solutions 
of potassium disulphite and nitrite : 

2K t K t O fi 4 KN0 2 - N(SC) 3 K) 3 + K 2 N0 3 . 

On boiling its salts for a short time with water, they form salts of imido- 
disulphonic acid, NH (SO.H ) 2 : N(SOJK ) 3 + H 2 0 - N H (SO,K), + KHS0 4 . On 
further hydrolysis, salts of amidosulphonic acid, NH 2 S0 3 H, are formed: 

NH(S0 3 K) 2 i H 2 0- NH 2 K0 3 H4 khso 4 . 

Amidosulpl ionic acid (or sulphamic acid) is obtained by heating urea 
with excess of 100 per cent snlphurie acid at 140 ’ ; with etjuirnoleeular 
amounts, imidodisulphomc acid is obtained (Baumgarten, 19.30) : 

COi\,H 4 + 2H 2 S() 4 CO, -f NH,SO # H-t NH 4 HK0 4 
NH,SO,(NH 4 ) 4 NH 2 SO,H NH(S0 3 NH 4 )j. 

Sulphamide K0 2 (N H 2 ) 2 and sulphimide, existing in a trimerio form, (SO,NH ) 3 , 
are formed by the action of ammonia gas on a solution of sulphuryl 
chloride in h(»nzene : 


S0 2 ( '1 2 4 2N H 3 - > S() i! (NH 2 ) 2 + N H 4 ( 3, 
and by heating suipbamide at ISO till ammonia is no longer evolved : 
K0 2 (NH 2 ) 2 - SO..NH 4 NH n . 

They form silver compounds S0 2 (NMAg) 2 and [80 2 (NAg)J 3 . 
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PHOSPHORUS 

History. — Brand, of Hamburg, by distilling evaporated urine obtained 
phosphorus (Creek phos light, pit cm 1 bear) in JU7I 5 ; the phosphate in 
urine on heating forms sodium metaphosphate and this is redueod on strong 
heating with carbon (from charred organic matter): 4N.*tP0 a 4 - 5P 
Na 4 P 2 0 7 t 5PO + 2P. Brand made known his process to Kraftt, who 
showed phosphorus at the Court of Charles II in 1677. There it was seen 
by Hoyle, who was told by Kraftt t hat it was obtained from a human source. 
Hoyle (who called it m/rtdnca) rediscovered it by distilling ovaporated urine 
with sand, and published the preparation m 1(180. Kunekel in 1676 had 
independent ly rediscovered phosphorus, (iahn ahout. 1770 discovered 
calcium phosphate in bones, and Scheele prepared phosphorus from bone- 
ash. The process formerly used nil the largt* scale (see below) for the pre- 
paration from bone-ash was devised by Scheele in 1777. 

Occurrence.— Phosphorus always occurs combined, the average per- 
eentage in the lithosphere being 0*1 57 and in ordinary soil 0*J per cent. 
The primary minerals an* probably apatite 3('a ; .(P0 4 ) 2 ,CaF 2 and 
chlorapatite 30a s (P( ) 4 ) 2 ,3PaCl 2 , which are hard and practically insoluble 
iu dilute acids. From them, secondary deposits of calcium phosphate 
0a ;j (P() 4 ) 2 have been formed by weathering, although some consist of 
fossil bones. Phosphorus also occurs in meteorites. 

The “ soft phosphates ", e.<j. copmldrs (calcium phosphate of fossil 
excreta), and Charleston phosphate (27 per cent P 2 () 5 ) from river beds in 
South ( Yirolma, an* easily decomposed by sulphuric acid. I lard " varieties 
are the Spanish minerals estrmnadunfc (33 per cent l\O ri ) and sombre rite 
(35 per cent P 2 0 5 ). Redondo phosphate (35- 40 per cent P 2 0 5 ), a clicap and 
rich ore from the West Indies, is aluminium phosphate AiP0 4 . Wancllite is 
basic aluminium phosphate 4AIP0 4 ,2A1(011) 3 , 911,0, and rmanitc is ferrous 
phosphate Fe 3 (P0 4 ) 2 ,8H.,0. The rieh(*st phosphate deposits are in North 
Africa and Florida. 

Phosphorus compounds occur in vegetable and animal tissues, 
especially in seeds in which they are concentrated in the germ (cereal 
grains, except rice, contain 0*4 per cent of P). Yolk of eggs, nerves and 
brain, and bone-inarrow contain fatty esters of phosphoric acid (lecithins 
or glycerophosphates). 

In order to repair tissue waste and provide phosphates for bones, phos- 
phorus compounds are essential in foods. Plants take them from the soil as 
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calcium phosphate, ami bone meal and calcium superphosphate are used as 
fertilisers. 

Fresh bones contain about 58 per cent (ivory 67 percent) of calcium 
phosphate with some calcium carbonates fats, and organic matter containing 
nitrogen. Charred bones (animal charcoal) aro used in docolorisirig sugar 
syrup. When no longer active they are burnt to bone-ash containing about 
80 per cent of calcium phosphate, with calcium carbonate and a little 
fluoride. 


Preparation. — Phosphorus is obtained by reducing phosphoric acid 
or a metal phosphate. Since the oxide 1 \>0 5 is stable and strongly 
exothermic : 2P -i £0 2 = P 2 0 5 i- 3fl0 k. cal., an energetic reducing agent 
or a high temperature is required, and silica is usually added to form a 
silicate w it h the metal. On the small scale aluminium may be used 
with sodium metaphosphate and silica: 0NaPO 3 + 3SiO 2 + 10Al« 
3Na 2 Si0 3 + 5A1 2 0 .j 4 ()P, and on the. large scale calcium phosphate, 
carbon and silica in the electric furnace. 


Mix l gm. of powdered sodium motaphosphate, 0-5 gm. of aluminium 
powder and 3 gm. of fine white sand, all being dry. I feat strongly m a hard 
glass tube in a current of dry hydrogen. Phosphorus distils and condenses 
in the cool pert of the tube. 

In the old process for making phosphorus, bone-ash was decomposed 
by hot (>0 per cent sulphuric acid to form insoluble calcium sulphate, 
and phosphoric acid. The phosphoric acid was filtered, evaporated, 
mixed with powdered coke and distilled in fireclay retorts at a bright- 
red heat : 

Ca.j(P0 4 ) 2 4-3H 2 ^0 4 ~3raS() 1 t 2H 3 P() 4 (orthophosphoric acid) 
H :{ P0 4 — H 2 () f HPO.j (inelaphosphoric acid) 

4HP0 a 1 1 20 - 2ii 2 f 1 200 V P 4 . 

Phosj)horus is now made by the direct reduction of a phosphate by 
carbon in presence of silica (Wohler, 1829) at a high temperature in the 
electric furnace* (Headman, Parker and Robinson process, 1888). This 
method can be used with “ hard ” phosphates, since the mineral is not 
treated with acid. 

A mixture of phosphate, sand (or crushed quartz) and coke is fed into a 
closed electric furnace provided with an outlet above for gas and phosphorus 
vapour, a slag hole below, and an adjustable carbon electrode between 
which arc i the carbon base an electric arc is struck (Fig. 293). 

The phosphato is decomposed by silica at 1150°: Ca 3 (P0 4 ) 2 4 3Si0 2 -- 
3CaSi0 3 ( P 2 0 6 . The calcium silicate* forms a molten slag. The phos- 
phorus pentoxide vapour is reduced by carbon at about 1500°, forming 
carbon monoxide and phosphorus vapour: P 2 0 6 t-5C -=2LN 5CO. The 
cooled gas is passed over water in condensers when crude phosphorus 
separates. The dark-coloured product is purified by melting under 
chromic acid solution, when some impurities oxidise and dissolve and others 
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p+ coJl ^ 


separate tus a scum. The liquid phosphorus may be filtered by press- 
ing through chamois leather. The colourless phosphorus is oast into 
wedges (about 2 lb.) in tin moulds, 
or into sticks by running the liquid 
into glass tubes cooled in water and 
drawing out the stick at the other 
end. 

Most of the phosphorus made is 
used in the manufacture of matches. 

Some is used in making phosphor- 
bronze and incendiary and smoke 
bombs, as a poison for rats, and in 
the preparation of phosphorus tri- 
chloride, pontaehloride, and pentoxide. 

Phosphorus exists in two main allo- 
tropic forms : while phosphorus (some- 
times called “ yellow ” phosphorus 
although it is quite colourless when 
pure) and red phosphorus , which is 
the only stable form. 

White phosphorus. — Ordinary white phosphorus is a translucent 
white solid like wax, density 1-88. On exposure to light it rapidly 
becomes yellow. It is soft enough at the ordinary temperature to be 
cut with a knife - an operation which should always be performed under 
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etching with nitric acid. Large transparent crystals of the cubic system, 
usually rhombdodccahedra, with a play of colours like diamonds are 
formed by the slow sublimation of phosphorus in a vacuous tube, one 
end being kept cool by a moist cloth. The tube is kept in the dark, since 
on exposure to light the crystals become red and opaque. 

White phosphorus is kept in bottles under water on account of the 
ease with which it takes fire in air. It has a low melting point (44°). It 
boils at 287° yielding a colourless vapour the density of which corres- 
ponds with P 4 . Above 700° the density decreases, indicating partial 
dissociation : P 4 ^2P 2 . At very high temperatures dissociation into 
atoms occurs : P 2 v- 2P. 

White phosphorus is very sparingly soluble in waiter but is soluble in 
benzene, turpentine, olive oil, sulphur chloride, phosphorus trichloride, 
and especially in carbon disulphide. The elevation of boiling point of 
the latter solvent gives a molecular formula P 4 agreeing with that of the 
vapour. On evaporation out of contact with air the solution in carbon 
disulphide deposits crystals. By shaking melted wdiite phosphorus 
under a cold solution of urea it forms a fine powder. 

A characteristic property of white phosphorus is the ease with which 
it undergoes spontaneous oxidation when exposed to air at the ordinary 
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temperature, accompanied by a green glow or phosphorescence. If 
warmed to about 50° it inflames in dry air and burns with a white flame, 
forming white fumes of the pentoxide P 2 0 5 . It inflames spontaneously 
in chlorine, explodes violently in contact with liquid bromine, and in- 
flames in contact with solid iodine. It dissolves slowly in concentrated 
nitric acid to form phosphoric acid, and in hot alkali hydroxide solution 
with evolution of phosphine PH 3 . 

Phosphorus does not burn when heated in pure oxygen dried with 
phosphorus pentoxide (Baker, 1888). Finely divided white phosphorus 
inflames spontaneously in air, and melted white phosphorus burns 
under water in contact with oxygen. 

Pour a solution of phosphorus in carbon disulphide on a piece of blotting- 
paper supported on a tripod. The solvent rapidly evaporates and the 
finely divided phosphorus catches tire and bums with the formation of 
fumes of P a O e (Lampadius, 1K00). A solution in ether shows phos- 
phorescence when poured on hot water or rubbed on the skin. 

Place a few bits of phosphorus in water in a test-tube supported in a 
beaker of water. Heat the water m the beaker and pass a currant of 
oxygen through a tube into t he water m t lie test-tube above the phosphorus. 
When the temperature reaches CO the phosphorus takes fire and burns 
under water in contact with the oxygen, forming flakes of red phosphorus 
and a solution of phosphoric acid. 

Sticks of white phosphorus under water in presence of air slowly 
acquire a white crust, which is ordinary phosphorus detached by 
unequal oxidation ; according to Baudrimont (1865) it is not formed in 
water free from air. This crust slowly turns rod and the colour spreads 
through the mass. 

White phosphorus is very poisonous, the lethal dose being about 
0-15 gm. Workmen exposed to the vapour are liable to decay of the 
bones, especially of the jaw (“ phossy-jaw ”), and its use in the manu- 
facture of matches has ceased. 

The modern “ strike anywhere '* matches have heads containing phos- 
phorus sulphide 1\S 3 , oxidising agents such as potassium chlorate or man- 
ganese dioxide, glue or gum as a binder, and powdered glass to increase the 
friction. The heads of safety matches contain no phosphorus but arc com- 
pounded of antimony sulphide and sulphur and oxidising agents such as 
potassium chlorate and red lead, whilst the strip on the box contains red 
phosphorus, powdered glass and a binder. 

Besides ordinary or a-whito phosphorus a second crystalline form, /2-white 
phosphorus (hexagonal), is known : it is formed when ordinary white phos- 
phorus is cooled to - 70*9° or is subjected to about 12,000 atm. pressure. 

Red phosphorus was prepared by Schrotter in 1845 by heating while 
phosphorus for a few hours at 250° in a flask filled with nitrogen or 
carbon dioxide. The liquid deposits a red powder and finally solidifies 
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to a purplish-red mass. The transformation begins at about 215°, is 
fairly rapid at 250°, and at higher temperatures it is reversible and is 
strongly exothermic: P (white) = P (red) i 4*22 k. cal. Red phos- 
phorus also remains when white phosphorus burns in air, or in oxygen 
under water, and was formerly thought to be a suboxide. 

Brodie (1853) showed that the transformation is catalysed by a little 
iodine, and then occurs at 200 . The change occurs when a little iodine or 
selenium is added to a solution of white phosphorus in carbon disulphide. 

Red phosphorus is made by heating about a ton of white phosphorus in a 
large cast-iron pot with a cover, through which passes an upright iron tube. 
The pot is uniformly heated at 240°, the temperature being controlled by 
thermometers protected by iron tubes, since phosphorus attacks glass. A 
little phosphorus burns, absorbing oxygen from the air in the vessel. The 
hard solid in the pot is ground under water and boiled with caustic soda 
solution to remove unchanged white phosphorus. It is repeatedly washed 
with hot water and dried with steam. It usually contains about 0*5 per 
cent of white phosphorus and some phosphoric acid. 

Commercial red phosphorus is a violet -rod powder, density 2* I —2*2 
without smell or taste and is not poisonous. It is a feeble conductor of 
electricity. It melts under pressure at 592*5 \ but on heating at atmos- 
pheric pressure is converted directly into vapour, which condenses to 
white phosphorus on cooling. 

Heat a little red phosphorus in a hard glass test-tube in a slow current of 
dry carbon dioxide passed through a tube in a rubber stopper also fitted 
with ail outlet tube. White phosphorus condenses on the upper cool part 
of the test-tube. 

Red phosphorus in general is much less reactive than white phos- 
phorus. It does not glow in air but on exposure heroines moist from 
slow oxidation to phosphoric acid. It does not ignite m air below 240°, 
does not burn in chlorine unless heated, burns quietly in contact with 
liquid bromine, and does not inflame in contact with solid iodine but 
combines without incandescence on heating. It is insoluble in carbon 
disulphide and in hot alkali hydroxide solution, but dissolves in con- 
centrated nitric; acid, rapidly on heating. 

White phosphorus is metastable under all conditions and tends to 
pass into red, although the change is very slow at the ordinary tem- 
perature in the dark. If liquid white phosphorus is contained in one 
limb of a n-tube at 324° and solid red phosphorus in the other limb at 
350°, distillation occurs to the hotter limb. 

Ordinary red phosphorus was thought by Schrotter to be amorphous, 
but it really contains small rhombohedral crystals (Pedler, 1890 ; 
Retgers, 1893). The colour varies according to the temperature of 
preparation, from reddish -yellow through bright sealing-wax red 
(sp. gr. 2*15), to dark violet-red (sp. gr. 2*34) after long heating. The 
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colour depends on the particle size and the extent of development of 
crystalline form. Yellow and scarlet forms art* amorphous, and sonic 
kinds of commercial red phosphorus are mixtures of the scarlet amor- 
phous and the violet crystalline forms. 


Scarlet amorphous phosphorus is obtained as a fine powder by exposing a 
solution of white phosphorus in carbon disulphide or phosphorus tribromide 
to sunlight, when the yellow powder first deposited turns red (Pedlerj, 
or by boiling a 10 per cent solution of white phosphorus in phosphorus tri- 
bromide for ten hours (Schonck). It is a fine scarlet powder, sp. gr. I-87(i, 
more active than common red phosphorus, but oxidising only very slowly 
in air, and is not poisonous. It dissolves in alkali with evolution of phos- 
phine and turns black. Prepared in this way it contains phosphorus tri- 
bromide : it may be obtained pure by heating phosphorus tribrorriide with 
mercury at 240° (Wolf, 1915) : 2PBr s \ 3Hg 2P t 3HgBr 2 . 

The crystalline forms of red phosphorus are called Phosphorus-III and 
Phosphorus-IV. 

The common form is Phosphorus-III or violet phosphorus (also called a -metallic 
phosphorus ), discovered by Hittorf in 1865.* It is formed by heating 
ordinary red phosphorus in a sealed tube at 530 , the upper part of the 
tube being kept at 444", when it sublimes in brilliant opaque rhortibohedral 
crystals, isomorphous with As, Sb and Hi, sp. gr. 2*316 or 2*34, m.pt. 592*5 '. 
The crystals are also formed bv dissolving white phosphorus in fused lead 
or bismuth in a sealed tube, allowing to crystallise, and dissolving out the 
metal in dilute nitric acid or cloctrolytically (Stock and (Jomolka, 1909). 
It does not oxidise in air and is a non-conductor of electricity. It is prob- 
ably the same as the violet phosphorus, sp. gr. 2*35, in. pt. 589*5°, obtained by 
Bridgman (1910) by heating white phosphorus with a trace of sodium under 
very high pressure. 

Phosphorus-IV or black phosphorus (or metallic phosphorus) , discovered by 
Bridgman (1914), is crystalline, sp. gr. 2*69, m. pt. 587*5°, and is formed 
irreversibly from white phosphorus at 200° under a pressure of 12,000 
kg./'sq. cm. It does not ignite at 400 u in' air and is a fairly good conductor 
of electricity. 

A provisional phase diagram for phosphorus is shown in Fig. 294, but 
the actual relations are rather 
complicated. The curves and P 
transition points are similar 
to those for the sul | >hur system 
(p. 452). 

AB is the vapour pressure 
curve of solid violet phos- 
phorus (P-m), lying below 
the curves of the metastable 
forms. FE is the curve of 
solid white phosphorus (P-i) 

and EX that of the liquid, Pm. 294. — Phase diagram of phosphorus, 
probably continuous with the 

vapour pressure curve BY of liquid violet phosphorus. BU represents the 
equilibrium betwoon violet phosphorus and liquid and the transition point 
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D to black phosphorus (P-iv) is a triple point (P-m, P-iv, liquid). DL gives 
the variation of the transition temperature of violet to black with change of 
pressure. C is the critical point of liquid phosphorus, about 695° and 82 
atm. Tho values of d7 T /d;> along FU {P-n ^ P-i) and FK (P-i ^ liq.) are 
0*012° and 0-029° per atm., respectively. 

The glow of phosphorus. — The vapour pressure of white phosphorus 
at 20° is 0*027 mm. and the vapour oxidises spontaneously in air, 
emitting a faint green glow and white fumes. The glow is produced 
with mere traces of phosphorus vapour (5 x 10 per cent in a gas in the 
absence of inhibitors), and is used as a test for free white phosphorus 
( MitscherUch \s* tent ) . 

A piece of white phosphorus is boiled in water in a flask connected with a 
Liebig’s condenser. Phosphorus distils with tho steam 
and a glow is seen in a dark room at the place where 
the vapour and steam condense in the tube. 

In Smitholls’ cohl flmuti experiment, a few pieces of 
dry white phosphorus are placed in a dry bolt-head 
and covered with dry glass wool, the flask is heated 
on a water-bath, and a stream of dry carbon dioxide 
passed through (Fig. 295). Tho phosphorus vapour 
oxidises in tho air and a green flame is seen in a dark 
room at the top of the exit tube. This is so cool that 
a finger may he held in it, and it will not kindle a 
mat cli. 

The glow of phosphorus was first investigated by 
Boyle (1680 -82), who discovered most of its main 
features : 

(i) Phosphorus glows only in presence of air. 

(ii) An acid is formed which differs from phosphoric Fl(} ^ rp lie col( j 

acid in giving little flashes of light on heating flamo experiment, 

[phosphine from phosphorous acid]. 

(iii) The glow* is produced by very small quantities of phosphorus (1 part 

in 500,000 parts of water). 

(iv) Tho glow is produced by solutions of phosphorus in olive oil and some 

other oils, but oils of mace and aniseed prevent it. 

(v) After long exposure to phosphorus, air acquires a strong odour 

[ozone j distinct from tho visible fumes. 

About the same time, Lcnierv, Slarc and Hauksbee found that the 
glow is brighter at lower air pressures. Lam pad i us showed that it is 
extinguished in a Torricellian vacuum (the space in a barometer tube), 
so that a trace of oxygen is necessary. Fourcroy (1788) found that 
phosphorus does not glow in ordinary moist oxygen at atmospheric 
pressure, but Bcllani de Monza (1813) showed that the glow appears if 
the oxygen pressure is reduced, an observation confirmed by Schweigger 
(1824) and Graham (1829). 
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According to Russell (1903), phosphorus glows very feebly at atmos- 
pheric pressure in oxygen dried by sulphuric acid, or even at higher 
pressures if the surface is very clean, lower oxides of phosphorus being 
produced. At pressures lower than 500 mm. at room temperature the 
glow in dry oxygen becomes much brighter, and phosphorus pentoxide 
is formed. Ozone is not formed in dry oxygen. The main product of 
the glow in air at ordinary temperature is phosphorus dioxide P 2 0 4 
(not P 2 0 3 )> with some P 2 0 6 (Miller, 1929). According to Dixon and 
Baker (1889) phosphorus does not glow at any pressure in oxygen 
dried by phosphorus pentoxide. 

The glow appears in ordinary oxygen if this is mixed with an inert 
gas,- and phosphorus glows in ozonised oxygen at atmospheric pressure. 

In oxygen at atmospheric pressure the glow 
appears at 27° and is very bright at 36°, when 
the phosphorus very easily inflames. 

A stick of phosphorus is placed in the constricted 
part of a tube containing oxygen confined over mer- 
cury, tho levelling tube being adjustod so that the 
gas is at atmospheric pressure (Fig. 290). No glow 
is seen in the dark. If the levelling tube is lowered 
so as to reduce the pressure, the phosphorus begins 
to glow. 

Heat a piece of phosphorus with olive oil in a 
flask on a water-bath. Fool tho solution and pour 
it into a round litre flask fitted with a rubber 
stopper with two delivery tubes. Displace the air 
by dry oxygen. The glow ceases. Close one tube 
with rubber tubing and a clip and connect the other 
with an air-pump. Shake the liquid round the 
inside of the flask. On reducing the pressure of 
the oxygen the glow appears suddenly at a certain 
reduced pressure. 



Fig. 296. — Effect of 
pressure on the glow 
of phosphorus. 


Graham (1829) found that the glow is inhibited 
by the vapours of ether, naphtha, and turpentine. (The action of 
essential oils had been observed by Boyle.) One part of turpen- 
tine vapour in 4444 parts of air was sufficient. Later observers 
found that the vapours of many essential oils, camphor, naph- 
thalene, carbon disulphide, and especially iodobenzene, inhibit the 
glow. 


Schonbein (1848) related the glow to the formation of ozone, since (1) 
essential oils which destroy or dissolve ozone inhibit tho luminosity, (2) at 
low temperatures no ozone is formed and phosphorus does not glow, (3) at 
25° the glow is brightest and the production of ozone is a maximum. It is 
doubtful if ozone is directly formed by the glow reaction, and Downoy re- 
ported that ozone is formed by the action of the ultra-violet light of the 
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glow on oxygen, being formed when this light is passed into oxygon through 
a quartz or fluorite window, but Basse (1927) and Fwchbeck and Eich 
(1938) could not confirm this. 

Ail old theory that the glow was due to the oxidation of P 2 0 ;3t first 
formed was disproved by Miller (1920), who showed that carefully 
purified P 2 0 ;J , freed from white phosphorus by recrystallisation from 
0S 2 , exposure to light, and sublimation, does not glow in air and also 
inhibits the glow of phosphorus. 

The glow reaction occurs between phosphorus vapour and oxygen, since 
it is brighter at lower pressures, and an indifferent gas (N 2 or H 2 ) when 
passed over phosphorus glows when mixed with oxygen. In a stream of air 
the glow is detached from the solid phosphorus. There is also a lower limit 
of oxygon pressure below which phosphorus dot's not glow. The glow 
seems to be the result of a chain reaction (p. 210), involving the production 
of lower oxides of phosphorus, taking place between P 4 and 0 2 molecules. 

Phosphorus Hydrides 

Two well-defined phosphorus hydrides are known, the gaseous 
phosphorus trihydride PH., (phosphine or phosphor cited hydroyen) and the 
liquid phosphorus dihydride P 2 H 4 . Some ill-defined solid hydrides (P 12 H 6> 
P 5 H 2 and P 9 H 2 ) are probably inquire red phosphorus. 

Phosphine PH ; , was discovered by Gengembre (1783) by beating 
w hit e phosphorus with alkali (see below). Traces are formed by heating 
white or ml phosphorus in hydrogen, or by adding bits of white phos- 
phorus to a mixt ure of zinc and dilute sulphuric acid evolving hydrogen, 
which then burns with a green Ha me (this is a sensitive test for free 
white phosphorus). It is formed by the putrefaction of proteins 
(Gautier and Etard 1882), and the bacterial reduction of phosphates in 
the soil (Budakov, 1927), and its spontaneous inflammability has been 
invoked to explain the \Y itt-o' -the -wisp seen in marshes. 

Phosphine is usually prepared by heating white phosphorus with 
concentrated sodium or potassium hydroxide solution, or a paste of 
slaked lime, when a hypophospliite is also formed : 

P 4 } 3Na01I + 3H 2 0-3NaH 2 P0 a + PH,. 

Some hypophospliite is decomposed, so that tin per cent of hydrogen may 
be present in the gas: NaH .PO a + 2NaOJI -211 a + Na,P0 4 ; baryte gives a 
purer gas. Hydrogen is also evolved by tlio direct reaction : 

2P +2Na01I +2H 2 0--=2NuH 2 P0 3 1 H 2 . 

Pure phosphine may be obtained by absorbing it from the gas in a solution 
of cuprous chloride in hydrochloric acid (w hen Gut 1, PH 3 is formed), heating 
the solution, and drying the gas with KOH and PgO* (Riban, 1879). 
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A few pioces of whito phosphorus are placed in a flask (Fig. 297) contain- 
ing 30-40 per cent sodium hydroxido solution. The air is displaced by coal 

gas to avoid explosion, and the flask 
heated to a fairly high temperature. 
Each bubble of phosphine which escapes 
from the delivery tube dipping into 
water ignites spontaneously with a 
bright flash, and a vortex-ring of white 
smoke (particles of motaphosphoric acid) 
rises in st ill air. 

Spontaneously inflammable phos- 
phine is formed by the action of 
water on crude calcium phosphide : 

Fig. 297 . - Preparation of phosphine. Ca 3 P 2 4- 6H 2 0 = 3Ca(OH ) 2 4 - 2 PH 3 . 

A few pieces of calcium phosphide are droppod int o a beaker of water and 
covered with an inverted funnel immersed in the water. The bubbles of gas 
inflame spontaneously in air. 

A purer gas is formed by t he action of dilute hydrochloric acid on calcium 
phosphide. Tho gas from pure calcium phosphide is not spontaneously 
inflammable (Moissan, 1S99). 

The spontaneous inflammability of ordinary phosphine is, as Le 
Verrier (1835) suspected and Thenard (1844) proved, due to a small 
amount of the vapour of phosphorus dihyride also formed : 

6P + 4NaOH 4- 4H ,0 - 4NaH 2 P0 2 4- P 2 H 4 . 

Thenard passed the, gas t hrough a tube immersed in a freezing mixture, 
when the liquid hydride deposits and f ho gas is no longer spontaneously 
inflammable. The same result is obtained by passing tho gas over recently 
ignited charcoal, which adsorbs tho vapour of the dihydrido, or by mixing 
the gas with a little ether vapour. Tho puro gas becomes spontaneously 
inflammable if mixed with a little vapour of fuming nitric acid. 

Phosphine which is not spontaneously inflammable, but may contain 
6 per cent of hydrogen, is evolved on heating phosphorous acid (Davy, 
1812) : 4H 3 P0 3 = 3H ; , P0 4 4 - PH 3 . 

Pure phosphine is prepared by dropping 30 per cent potassium 
hydroxide solution on phosphonium iodide mixed with broken glass : 
PH 4 I 4 - KOH - KI 4 - H 2 0 4 - PH 3 , 

washing with hydrochloric acid (to decompose P 2 H 4 ) and sodium 
hydroxide (to remove HI) and drying with P 2 0 5 ; or by the action of 
dilute sulphuric acid on aluminium phosphide (prepared by heating 
aluminium powder and red phosphorus) : 

2A1P 4 3H 2 S0 4 - AL(S0 4 ) 3 4 2PH 3 . 

Phosphine is a colourless gas with a very unpleasant smell of rotten fish 
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and is poisonous ; normal density 1 -5307 gin. /lit., m. pt. - 132*5°, b. pt. 
- 874°. It is sparingly soluble in water (0*2(5 vols. in 1 of water at 17°), 
.alcohol and ether; a crystalline hydrate (PH 3 ,H 2 0 or PH 4 OH ?) is 
formed by releasing the pressure on a mixture of the liquid and w ater. 
The gas is decomposed at 440° by a first order reaction largely on the 
surface of the vessel (Hinshclwnod and Toplev, 1924), and by electric 
sparks, 2 vols. depositing red phosphorus and giving 3 vols. of hydrogen : 
2 P x H„ = 2j" 1 > + 3H 2 , ?/~3 and the formula is P y H 3 . The density 

shows that the mol. wt. is 34, the molecule contains 34 -3 — 31 parts 
of phosphorus, or 1 at. wt., hence x = l and the formula is PH 3 . When 
passed over heated copper, phosphine forms copper phosphide and 
hydrogen . 

Phosphine inflames in air at about 150°. When burnt in a test-tube 
it deposits phosphorus (cf. 11 2 S. p. 457). A mixture of pure phosphine 
with air or oxygen explodes when the pressure is reduced (Labillardicre, 
1817): very pun* and dry phosphine explodes with oxygen at all 
pressures, traces of moisture lowering the inflammation pressure 
( Traut z and Oabler, 1929). Mixtures with nitric and nitrous oxides 
explode when sparked : PH< i 4N 2 0 - 11 4-4N 2 . Phosphine ignites 

spontaneously in chlorine: PH 3 + 4( -- PP1 5 -i 3HC1. It combines 
w it h many metallic chlorides. The pure gas is completely absorbed by 
a solution of blenching powder. It precipitates phosphides or metals 
from solutions of many metallic salts (c.j/. CuS0 4 , AgN0 ;{ ). These 
phosj)hides are also formed by heating the solutions with white phos- 
phorus, or tin* metals with phosphorus, or the phosphates with carbon 
in the electric furnace. 

Moat a tew pieces of w lute phosphorus with a solution of copper sulphate. 
Black copper phosphide ('u.,1* is formed : 

31* -r 3( iiS() 4 , fdU) CuJ* + 2 HjP0 3 -t Silases. 

Tn the cold, metallic copper is slowly deposited : 

2 IN r>('«K() 4 4 SII a O 5Cu4 2H J l > 0 4 + riH 2 S0 4 . 

From silver nitrate solution, phosphine precipitates silver, a yellow 
intermediate compound being formed (cf. AsH.„ p. 457) : 

PH 3 + OAgNO, - Ag 3 P,3AgN0 3 -t 3HNO a 
Ag 3 P,3AgN0 3 + 3H 2 0 - (>Ag + 311 NO, + H 3 P0 3 . 

Phosphonium compounds. — Although phosphine is neutral it can act 
as a feeble base, forming phosphonium salts F1T 4 X analogous to ammonium 
salts NH, 4 X. A mixture of phosphine and dry hydrogen chloride does 
not react at atmospheric pressure, but if cooled to - 35° or compressed 
to 18 atm. at 15°, it deposits white cubic crystals of phosphonium chloride 
which dissociate again on warming or on reducing the pressure : 
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PH 3 + HC1 PH 4 Cl. Phosphonium bromide PH 4 Br is more stable and is 
produced in cubic crystals when a mixture of PH 3 and HBr gas is led 
into a moderately cooled flask, or phosphine is passed into cold saturated 
hydrobromie acid (Ogier, 1879). Phosphonium iodide PH 4 1 (Davy, 1812) 
is fairly stable* and is formed in white tetragonal crystals on mixing PH ; , 
and HI gas at the ordinary temperature and pressure. It dissociates at 
30° but the crystals can be sublimed. It is prepared by the following 
process. 

10 gtn. of white phosphorus are dissolved in an equal weight of carbon 
disulphide in a tubulated retort, from which the air lias been removed by t\ 
current of dry carbon dioxide : 17 gin. of iodine are then added and the 
carbon disulphide is distilled off completely on a we tor- bath in a current of 
C0 2 . After cooling, the neck of the retort is connected with a wide glass tube 



and receiver and H-. r > ml. of water are dropped gradually on to tho phosphorus 
iodide (Fig. 298). Tho retort is then heated, at first gently, later more 
strongly to sublime the PH 4 L into the tube. Two wash -bottles containing 
water are attached to the receiver, to absorb the hydriodic acid evolved ' 
2P-fl 2 4 4H 2 () PH 4 I i H a P0 4 -i HI. 

Phosphorus dihydride P 2 Ii 4 is condensed as a colourless liquid from 
crude phosphine by passing through a tube cooled in a freezing mixture. 

The phosphine formed by the action of water on crude calcium 
phosphide, perhaps containing Ca 2 P 2 ((’a - P-P— Oa), is fairly rich in 
P 2 H 4 vapour : oajp # H 4 h 2 0 = 2( , a(OH ), + P 2 H 4 . 

The calcium phosphide is a reddish-brown solid prepared by passing 
phosphorus vapour ovor quicklime heated to dull redness : 

1 4P -f 1 4( "aO 5Ca*P t + 20a 2 P 2 0 7 . 

It is used for making Holmes's signal for use at sea. This is a sealed tin 
canister fille;d with calcium phosphide and attached to a wooden float. The 
canister is pierced above and below and thrown overboard. Tho gas ignites 
spontaneously and burns with a luminous flame. 
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In the preparation of the liquid hydride pieces of calcium phosphide are 
dropped through a wide tube into water at 60 r in a Woulfe’s bottle (Fig. 
299), the air being previously displaced by hydrogen. The gas is passed 
through a tube cooled in water to deposit moisture and the liquid condensed 
in a Hofmann tube cooled in a freezing mixture. 



The formula P 2 H 4 , analogous to that of hydrazine, is confirmed by the 
vapour density below atmospheric pressure (mol. wt. 66*15). The b.pt. 
(extrapolated) is +51*77760 mm., the in.pt. -99 u . The vapour is 
unstable and the liquid also decomposes on exposure to light, evolving 
phosphine and depositing a yellow solid formerly regarded as a solid 
hydride IVH fi , but. probably impure amorphous phosphorus (Rovon 
and Hill, 1936) : 3P 2 H 4 ==2P i 4PH ;{ . 

The same solid is formed if the mioondonsod vapours from the preparation 
arc ] xissod into a flask containing a little fuming hydrochloric acid. Another 
solid hydride P 9 H 2 was said to bo formed by heating P, 2 H 6 in vacuum: 
5P, 2 H 6 0P,1I a H 6PH 3 , and another, P 5 H 2 , by the action of very dilute 
acetic acid on Nr 2 P 6 . 


Phosphorus Halides 

Phosphorus combines with halogens to form two series of compounds 
in which it is ,3- and 5- valent, PX 3 or PX, being formed according as 
phosphorus or halogen is in excess. Iodine forms Pl 3 and P a I 4 , the 
existence of PI 5 being doubtful, and there is a chloride P 2 C1 4 . The 
physical properties of the halides are : 

PF a colourless gas, b.pt. - 95 ', in.pt. - 160 • 

PF 5 colourless gas, b.pt. 84*5 ', m.pt. - 93*7 . 

P 2 C1 4 colourless liquid, b.pt. ISO , m.pt. - 28". 

PCI,, colourless liquid, b.pt. 76", m.pt. - 112 , sp. gr. 1*613 at 0°. 

P(l 5 white tetragonal crystals, sublimes at 162-8 , m.pt. J60-8 under 
pressure. 

PJBr 3 colourless liquid, b.pt. 172-9", rn.pt. - 40 , sp. gr. 2-885 at 0°. 

PRr fi yellow rhombic crystals, b.pt. 106 decomposes on heating. 

P 2 l 4 orange red triclinic crystals, m.pt. 124-5". 

PI 3 dark rod hexagonal crystals, m.pt. 01 l , b.pt. 120’ at 15 mm. 

Some mixed halides, e.g. PCI 4 Br and PF ;t ( % are known. 

Phosphorus trifluoride PF 3 (Moissan, 1884) is formed by the action of 
arsenic trifluorido on phosphorus trichloride : PCl 3 + AsF 3 Ph :t 4 - AsC1 2 ; 
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by warming phosphorus tribromido with zinc fluoride : 2PBr a +3ZnF a = 
2PF 3 4 3ZnBr 2 ; and by heating copper phosphide with lead fluoride. The 
gas does not fume in air and has no action on glass in the cold ; it is hydro* 

Kwd by water : PK t 3H a O = H 3 PO a + SHF, 


and is decomposed by sparking: 5PF 3 — 3T\E fi 4- 2P. A mixture of the 
vapour with oxygen explodes when sparked, phosphorus oxyfluorido 
POF 3 being formed. 

Phosphorus pentafluoride PF 5 (Thorpe, 1877) is formed when phosphorus 
burns in fluorine ; when arsenic trifluoride is mixed with phosphorus pen- 
tachlorido in a freezing mixture: 3Pri 5 4 5AsF 3 ~ 3PF 6 4 - 5AsC 1 3 ; by 
warming phosphorus fliiobromidc (made by cooling a mixture of bromine 
and PF 3 to - 20 ) at 15° : 5PF 3 Br 2 3PF 5 4- 2PBr 5 ; and by heating a 
mixture of 25 gm. of phosphorus pentuxido and 55 gm. of powderori 
fluorspar in an iron tube : 


OP A 4 50aF 2 - 2PF 5 + 5Ca(P0 3 ) 2 . 


The gas has the normal density corresponding with PF 5 , does not attack 
glass when dry, fumes in air: PF 5 4 II a O - P()F 3 4 - SHF, and combines 
with ammonia gas to form solid 2PF 6 ,5N11 3 . 

Phosphorus oxyfluoridc POF 3 is obtained by heating a mixture of powdered 
cryolite and phosphorus poutoxido in a brass tube ; it is a colourless gas, 
b.pt. 39-8°, m.pt. - 08°, which may be collected over mercury. It is also 
formed by the action of dry hydrogen fluoride on phosphorus pentoxido, 
and of zinc fluoride on phosphorus oxychloride. 

Phosphorus dichloride P 2 n 4 is an oily fuming liquid formed by the action 
of a silent discharge on a mixture of PC1 3 vapour and hydrogen, and by the 
action of a zinc arc on P(fl 3 (Stock, 1925). It is probably Cl 3 =P — P=(H S . 


Phosphorus trichloride P01 ;i is a colourless liquid made by passing a 
stream of dry chlorine over white or red phosphorus in a retort, and 
condensing in a cooled dry receiver (Gay-Lussac and Thonard, 1808). 
It is purified by standing over white phosphorus (which removes excess 
of chlorine) and redistilling, and may be kept in sealed tubes. The 
vapour density is normal. The liquid fumes strongly in moist air and 
reacts violently with water, forming phosphorous acid : 

PC1 3 4 - 3H 2 0 - H 3 PO 3 -b 3HC1. 

It forms PC1 3 ,6NH 3 and P01 3 ,8NH 3 with ammonia, and reacts violently 
with sulphur trioxide : P01 3 -f S0 :3 — P001 3 4 - S0 2 . It is decom])osed by 
hot concentrated sulphuric acid : P01 3 + 2H 2 S0 4 -R0 3 HC1 4*80 2 + 
2HC1 4 - HP0 8 , by sulphur cldoride : 3P01 3 4 - S 2 C1 2 = PC1 5 + 2PSC1 3 , and 
by liquid hydrogen sulphide (forming phosphorus sulphide). 

31 gin. of white phospln >rus is cut under water into pieces. Those are dried 
between filter paper one at a time and inserted by crucible tongs into a dry 
tubulated retort previously filled with carbon dioxide. A good cork carry- 
ing a lead-in tube which can be moved is litted to the tubulure of the retort, 
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and the tube attached by rubber tubing to the drying tube of a chlorine 
apparatus (Fig. 300). The retort is connected with a cooled dry receiver 
with a calcium chloride tube attached. Chlorine is passed in, the retort not 



Fie. 300. — Preparation of phosphorus trichloride. 


being heated. The phosphorus burns with a pale llainc forming PC1 3 , which 
distils ovor. The stream of chlorine must- pass rapidly and steadily ; if a 
white sublimate (PCI 5 ) forms, lower the inlet tube nearer the phosphorus ; 
if a yellowish -red sublimate forms, raise the t ube. 

Phosphorus pentachloride P01 5 ( Davy ,1810; Dulong, 1 81 0) is a white 
or pale greenish -yellow solid formed by burning phosphorus in excess 
of chlorine or by dropping phosphorus trichloride into dry chlorine : 

poi 3 +ci 2 -pa 5 . 

Allow PC1 3 to drop slowly into a dry flask cooled in ice, through which a 
stream of dry chlorine is passed. A white powder of 
PCI, collects in the flask (Fig. 301). 

Phosphorus penta chloride sublimes without pre- 
vious fusion when heated below 100° at ordinary 
pressure. The vapour is dissociated, completely 
above 300° : P0I 5 v POL, -4 CI 2 . The solid melts 
under pressure when heated in a sealed tube. 

When volatilised in an atmosphere of P01 3 vapour 
the dissociation is repressed (by mass action) and 
the normal density of PC1 5 is found. This is 
found by volatilising PC1 5 and PCI 3 in a Dumas 
bulb, weighing the mixed vapour, and then Fig. 301. — Propara- 
analvsing the contents of the bulb (Wurtz, 1873). tlon ^ phosphorus 

In PC1 6 two atoms of chlorine arc very reactive l untac 1 011 °* 
and many metals (zinc, cadmium, and even gold and platinum) are 
converted into chlorides when heated with it : 

PC1 5 4 Zn PCI* f ZnOLj. 

In the vapour state the molecules PF 6 , PC1 5 and PC1 3 F 2 are trigonal bi- 
pyramids with the phosphorus atom at tho centre (Brockway and Beach, 
1938). In solid PC1 6 crystals the tetrahedral ions PCJ1 4 * and tho octahedral 
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ions PCI*"” are arranged in a tetragonal lattice which may be regarded as a 
distorted OsCl lattice. In solid PBr 6 the ions are PHr 4 4 and Br~ (Clark, 
Powell and Wells, 1942). 

Phosphorus pentachloride is violently and irreversibly hydrolysed by 
water. The reaction may proceed in two stages. With a little water, 
liquid phosphorus oxychloride (or phosphoryl chloride) P001 3 is formed 
(Wurtz, 1 847), which is hydrolysed by excess of water to orthophosphoric 
acid (of which it is the acid chloride) : 

PC1 6 4- H 2 0 ---- P00l 3 + 2HC1 
P0C1 } V 3H 2 0 -II 3 P0 4 + 3H01. 

Phosphorus oxychloride is a colourless fuming liquid, b.pt. 107*2 , 
m.])t. 1*38°, sj>. gr. 1-712 at 0°, formed by the action of a little water on 
phosphorus pentachloride, and by many other reactions : 

(i) By heating a mixture of P01 5 and P 2 0 5 in a sealed tube : 

3PC1 6 i P 2 0- ■=-5POCl ;j . 

(ii) By oxidising PC1 3 with ozone : P01 3 4 () ;i = P0C1 3 4-0 2 . 

(iii) By gradually adding 32 gm. of powdered potassium chlorate to 

100 gm. of phosphorus trichloride and distilling (l)ervin, 1883) . 
KClO.j 4 - 3PC1.J =- 3P0C1 3 + KOI. 

(iv) By heating a mixture of calcium phosphate and carbon at 300 

350° in a mixture of chlorine and carbon monoxide (Itibam 

1882) : 

0a 3 (P0 4 ) 2 4 - OCO + 0C1 2 -30aCl 2 4 2POCl :i 4 - «C0 2 . 

(v) By distilling phosj)horus pentachloride with oxalic acid : 

PC1 5 4 - (COOH ) 2 --- PCX \ 4 00 4 C0 2 4 - 2HC1. 

(vi) By distilling phosphorus pentachloride with boric acid : 

3P01 5 4 - 2 H 3 BO 3 =3 POCl a 4 B 2 0 3 \ GHCl. 

Phosphorus oxychloride sinks in water and slowly dissolves, being 
hydrolysed: P0C1 3 4 3H 2 () — iI.,P0 4 4 3HCI. With water and excess 
of zinc dust it evolves phosphine (P01 3 dot's not). 

Phosphorus bromides and iodides. — White ])hosphorus explodes in contact 
with litjuid chlorine or bromine ; liquid bromine dropped 011 red phosphorus 
in a cooled flask reacts with evolution of light and phosphorus tribromide PBr ? 
distils. By adding bromine to this, yellow solid phosphorus pentabromide J > Hr r , 
is formed. The va])our is dissociated: PBr 6 ^ PBr s 4- Br 2 . Phosphorus 
oxybromide POBr 3 is a colourless crystalline solid, m.pfc. 56 u , b.pt. 198 , 
formed by the action of a little water or of oxalic acid on PBr 6 : it is formed 
by oxidising PBr a . 

White phosphorus inflames in contact with iodine ; phosphorus di-iodide 
P 2 1 4 and phosphorus tri-iodide PI 3 are formed by mixing solutions of iodine 
and white phosphorus in carbon disulphide in the correct ratios and 
evaporating. Pl 6 and P01 3 are not definitely known. The di-iodide is 
probably I 2 P-PI 2 . 
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Oxides and Oxyacjds of Phosphorus 

Hypophosphorous acid H 3 P() 2 
Phosphorus trioxide P 2 0 3 or P 4 O fi Phosphorous acid H,P() :t 

Phosphorus tetroxide P 2 0 4 or P„O l6 Hypophosphoric acid H 4 P,0 6 

Phosphorus pentoxide P s () fi or P 4 O 10 Phosphoric acids : 

orthophosphoric acid H 3 P0 4 
pyrophosphoric acid H 4 P 2 0 7 

metaphosphoric acid HPO a 

The so-called phosphorus suboxides P 4 0 and l\() are impure red phosphorus. 
A violet, solid said to contain a soluble phosphorus peroxide P0 3 is formed by 
tilt? action of an electric discharge on a mixture of P 2 () 5 vapour and oxygen 
(Schenk and Plat/, 1930). Two perphosphoric acids H 3 PO r , and H 4 P 2 0 8 and 
salts are known. 

White phosphorus hums in a free supply of air to form phosphorus 
pentoxide, iirst observed by Boyle and called kk {lowers of phosphorus 
Iri a limited supply of air some phosphorus trioxide is formed. The 
phosphorus is extinguished before all the oxygen is removed, and part 
is converted into red phosphorus. 

Dry the air inside a tall bell-jar by a capsule of sulphuric acid. After a 
few hours remove the capsule and replace it by a porcelain crucible sup- 
ported on a cork, in which a bit of phosphorus is placed. The phosphorus 
is ignited by touching with a hot wire. Notice the bright flame and the 
format toil of a snow-white powder (I > 2 0 5 ) which rapidly settles. After a 
time the flame becomes larger, greenish and flickering and PA), is formed. 
Red phosphorus remains. 

Phosphorus pentoxide is prepared by the combustion of phosphorus in 
air or oxygen and is very stable even at 
high temperature (cT. N 2 0 5 and Ak 2 0 5 ). 

The apparatus shown in Fig. 302 is used. 

The sheet -iron e> Under has an opening at the 
side through which a copper spoon contain- 
ing burning phosphorus is introduced. Tho 
pentoxide settles into the dry bottle below. 

Several portions of phosphorus are burnt. 

Air enters between tho iron funnel h and 
the cylinder on removing i. 

Commercial phosphorus pentoxide con- 
tains some trioxide and metaphosphoric 
acid. It is purifiod by volatilising in a 
current of dry air or oxygen in a. hard 
glass or iron tube, and condensing in a 
cooled receiver. Lower oxides of phos- 
phorus are oxidised to P 2 C) 6 by beating 
at 175 U ~22(F in a current of ozonised air. Tho purified product, if free from 
lower oxides, should give no black colour with silver nitrate solution. 



Fiu. 302. Preparation of 
phosphorus pentoxide. 
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The white voluminous powder of phosphorus pentoxide becomes 
more compact and less volatile at 440°. If distilled in dry carbon 
dioxide it forms hexagonal crystals subliming at 250°. There are also 
rhombic and tetragonal forms. The compact variety melts under 1 
pressure at 5(55°, forming a vitreous mass. The vapour density at 
1400° is a little higher than corresponds with P 4 0 1() (for the structure 
see p. 580). 

Phosphorus pentoxide shows strong phosphorescence after illumina- 
tion, especially at low temperatures. It has a powerful affinity for 
water, becoming moist and sticky on exposure to air from formation 
of metaphosphorie acid, arid it withdraws the last traces of moisture 
from gases. When thrown into water it reacts with a hissing noise ami 
flocks of metaphosphorie acid separate : P 2 0 5 4-H 2 0 — 2HI > 0 3 . On 
standing in the cold these slowly dissolve ; the metaphosphorie acid 
hydrates to pyrophosphoric acid and this slowly to orthophosphoric 
acid ; the changes occur rapidly on boiling (Holt and Myers, 1911). 
Phosphorus pentoxide withdraws the elements of water from oxyacicls, 
forming the acid anhydrides, e.g. S0 3 from H 2 S0 4 , N 2 0 5 from HN0 ;} , 
and C1 2 0 7 from HC10 4 . 

Orthophosphoric acid. — The natural mineral phosphates and bone- 
ash contain salts of orthophosphoric acid ll :i P0 4 , and the fertiliser 
guano (excreta of sea-birds) is rich in phosphates and combined nitrogen 
Another source of fertiliser phosphate is the basic slag of steel furnaces, 
containing Ca 4 P 2 0 9 or Ca 3 (P() 4 ) 2 ,Ca(). The acid was prepared by 
Marggraf in 1743 from phosphorus bv combustion. He also noticed 
that phosphorus increases in weight on combustion. Scheele obtained 
the acid by oxidising phosphorus with nitric acid. 

Commercial orthophosphoric acid is prepared by digesting bone-ash with 
diluted sulphuric acid, sp. gr. 1-5, for several hours : t 1 a 3 (P() 4 ) i t 3H ft S0 4 
3CaS0 4 4 2H 8 P0 4 . The calcium sulphate is filtered off and the phosphoric 
acid evaporated to sp. gr. 1*7 (85 per cent H 3 P0 4 ). The product is impure, 
and contains acid calcium phosphate CuH 4 (P0 4 ) 2 . Phosphoric acid is also 
made by a furnace process (p. 564), air being admitted to burn the phos- 
phorus vapour to 1*206, and GO to CO a ; water is sprayed into the cool**d 
gas and crude 85 per cent phosphoric acid is separated by electrostatic 
precipitation. The process may bo carried out in a blast furnace (Curtis, 
1935-8). 

Pure orthophosphoric acid is obtained from phosphorus pentoxide and 
water, or by oxidising phosphorus with nitric acid : 

P 4 4- 10HN0 3 4 H 2 0 - 4H 3 P0 4 4 5N0 4 5N0 2 . 

Place 112 ml. of concentrated nitric acid and 183 ml. of water in a 2-lilrc 
R.B. flask with a boiling tube, through which cold water is passed, hanging 
in the neck to servo as a reflux condenser. Add 31 g. of red phosphorus in 
portions of due-fifth at a time, warming till red vapours appear and cooling 



XXXl] ORTHOPH OSPHORTO A(TD Ml 

if the reaction i a too violent. When all the phosphorus is dissolved (neglect 
any black residue), add 20 ml. of concentrated nitric acid and heat in a 
porcelain dish to oxidise phosphorous acid. When reaction ceases and a 
little of the diluted liquid gives no black precipitate with AgNT), (duo to 
H3PO3) add an equal volume of water and filter if necessary. Evaporate 
in a porcelain dish over a small flame till a thermometer in the liquid rises 
just to 180°. Cool in a vacuum desiccator over concentrated sulphuric acid, 
placing the desiccator in a freezing mixture of ice and salt in a sink. De- 
liquescent crystals of orthophosphoric acid slowly deposit. If the tempera- 
ture is carried beyond 180° in the evaporation some metaphosphoric acid is 
formed, and crystallisation will not occur. 

The rhombic crystals of orthophosphoric acid melt at 38*6° or 42*3° and 
are very soluble in water. Orthophosphoric acid is tribasic and forms 
throe series of salts : 

primary , e.g. Kli 2 P0 4 ; secondary, e.g. Na 2 HP0 4 ; tertiary , e.g. Na 3 P0 4 . 

phosphates are usually called simply “ phosphates.” Ordinary 
sodium phosphate is the secondary salt, Na 2 HP0 4 ,12H 2 0 ; ordinary 
potassium phosphate is the primary salt KH 2 P0 4 ; tertiary sodium 
phosphate is Na 3 P0 4 ,12H 2 0. The alkali phosphates (except lithium 
phosphate Li 3 P0 4 ) are soluble in water. The tertiary phosphates of the 
remaining metals are insoluble in water but dissolve in dilute mineral 
acids: 0a.,(PO 4 ) 2 4 (>HP1 - -30a( -1 2 -i 2H 3 PQ 4 . They are repreeipitated 
by adding ammonia : 

3CaCI 2 4 2H 3 P() 4 f ()NH 4 OH -0a 3 (P0 4 ) 2 4 (>NH 4 C1 + f>H 2 0. 
Aluminium phos])hate A1P0 4 and ferric phosphate FeP0 4 are insoluble 
in acetic acid, chromium phosphate CrP0 4 is sparingly soluble, but the 
remaining phosphates are soluble. Oil adding ferric chloride solution 
to a solution of a phosphate in acetic acid, the phosphoric acid is pre- 
cipitated as ferric phosphate and is so removed from the solution : 

0a,(P0 4 ), + GCH 3 C00H - 3( \x(Cll s COO ) 2 + 2H 3 P0 4 
2H.,P0 4 4 2Fo01 3 4 - 3Ca(CH 3 C00) 2 - 2FeP0 4 4 3CaCl 2 + (>CH 3 C00H. 
Excess of ferric chloride forms a red solution of ferric acetate 
Fe(CH 3 000) 3 , but on boiling this is precipitated as basic ferric acetate, 
and the filtrate contains the other metals (except aluminium and 
chromium) which were precipitated as phosphates. These reactions are 
used in qualitative analysis for the separation of the phosphate radical 
from a solution. 

The alkali primary phosphates are acid to litmus, the secondary 
phosphates faintly alkaline (practically neutral), and the tertiary 
phosphates strongly alkaline : 

H 2 P0 4 ' ^HPO/'+H- 

HP<) 4 " f H’ 4 OH' ^ H 2 P0 4 ' + OH' 

P0 4 "' 4 H* 4 OH' ^ HP0 4 " 4 OH', 
tr 
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On titration with alkali with litmus as indicator, phosphoric acid 
behaves as dibasic ; methyl orange changes colour at the stage 
NaH 2 P0 4 , and phenolphthalein at the stage Na 2 HP0 4 (see Fig. 171) ; 
the changes are sharp at 55°. The dissociation constants of ortho- 
phosphoric acid at 25° are : 

K x -[H ][H 2 P0 4 ']/[H 3 P0 4 1 = 7*5 x 10~ 3 
A r 2 = [H‘][HP0 4 ' , ]/[H 2 P0 4 'l -- 6*2 x 10-* 

[H ‘][P0 4 ''']/[HP0 4 ''] - M x 10~ 12 

Solutions of ortho - phosphates with excess of nitric acid and ammonium 
molybdate solution slowly deposit in the cold a canary -yellow precipitate 
of ammonium phosphomolybdate (p. 893), readily soluble in ammonia. 

Pyro-‘ and meta-phosphates do not give this reaction unless heated, or 
allowed to stand for a long time, when they are converted into orthophos- 
phoric acid. Arsenic acid gives a similar precipitate but only on heating. 
The precipitation of orthophosphoric acid occurs much more rapidly at/ 
60°-65°. 


Magnesia mixture (a solution containing magnesium chloride, 
ammonium chloride and ammonia) gives with orthophosphates a white 
crystalline precipitate of maguesium ammonium phosphate MgNH 4 PO 4 ,0H 2 (). 
Orthophosphates give a yellow precipitate of silver phosphate Ag.,P() 4 
with silver nitrate solution, but no precipitate with barium chloride, 
unless the solution is alkaline. 

Pyrophosphoric acid is slowly formed (with a little meta phosphoric 
acid) when orthophosphoric acid is heated at 213° (rapidly above 240°) : 

2H 3 P 0 4 = H 4 P 2 0 7 4 H 2 0. 

If ordinary sodium phosphate is heated above 240° it loses water and 
forms sodium pyrophosphate (Clark, 1827) : 2Na 2 HP0 4 — Na 4 P 2 0 7 4 - H 2 0. 

Lead nitrate solution and sodium pyrophosphate solution give a 
white precipitate of lead pyrophosphate Pb 2 P 2 0 7 , and with hydrogen 
sulphide solution this gives a solution of pyrophosphoric acid : 
Pb 2 P 2 0 7 4 2H 2 S ~H 4 P 2 0 7 +2PbS. Pure pyrophosphoric acid is best 
prepared by gently heating a mixture of orthophosphoric acid crystals 
and phosphorus oxychloride : 5 H.jP 0 4 4 POCl 3 = 3H 4 P 2 0 7 4 3HC1 , 

evaporating in a vacuum desiccator and cooling at - 10° for some time, 
when white granular crystals of H 4 P 2 0 7 , m.pt. 61°, separate (Giran, 
1902). A crystalline hydrate 2H 4 P 2 0 7 ,3H 2 0 is described. 

Pyrophosphates give a white precipitate of silver pyrophosphate Ag 4 P 2 0 7 
with silver nitrate, but no precipitate with barium chloride except in 
alkaline solution. Magnesium pyrophosphate is formed on heating mag- 
nesium ammonium phosphate : 2MgNH 4 P0 4 = Mg 2 P 2 0 7 4 2NH 3 4* H 2 0. 

If a solution of pyrophosphoric acid is kept for some time, or is boiled, 
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ortbophosphoric acid is formed : H 4 P s 0 7 +H 2 0 = 2H 3 P0 4 , but the salts 
are very stable in solution. 

Pyrophosphorie acid is tet.rabasic and is stronger than orthophosphorio 
acud: K , |H-]IH 4 P s 0,'J/LH 4 P 2 0 7 | 1-4/JO > 

K, | H'J [H 2 P s O,"]/IH3P 1 ,0 7 'J H I , 1(1 " 
A',---LH-J[HP 2 0 7 "'|/|H 2 ]> 2 « 7 "| -2-7 > 10' 5 
A',=[H'J1P 1 0 I ""P1 > A'"| -2-4 , 10 ■» 

Only two series of salts are common, the normal salts M 4 P 2 0 7 
and the diacid salts M 2 H 2 P 2 0 7 . Examples* are Na 4 P 2 O 7 ,10H 2 O ; 
Na 2 H 2 P 2 0 7 ; Ca 2 P 2 0 7 ,4H 2 0 ; Ag 4 P 2 0 7 (insoluble), and Ag 2 H 2 P 2 0 7 
(soluble). The intermediate salts NaH 3 P 2 0 7 and Na 3 HP 2 0 7 have been 
described. Complex ions containing metals (Ag, Zn, Pb, etc.) are 
formed by dissolving the insoluble metal pyrophosphates in alkali 
pyrophosphate solution. 

Metaphosphoric acid is formed as a sticky mass when ortho- or pyro- 
phosphoric acid is heated at 310°, best in a gold crucible (Graham, 
1833): H 3 P0 4 — HP0 3 + H 2 (), or by heating ammonium phosphate: 
(NH 4 ) 2 HP0 4 = HP0 3 -i- 2NH 3 -f H 2 0. By prolonged heating to redness 
some phosphorus pentoxide seems to be formed, as the hard glass 
obtained on cooling crackles when thrown into water (Berzelius). The 
water content of the residue depends on the duration of heating, and 
pyrophosplioric acid is formed as an intermediate product. At a white 
heat the acid volatilises and the vapour density corresponds with 
(HP0 3 ) 2 (Tilden and Barnett, 1896). The freezing point of a solution 
of the glass in water shows that the acid is polymerised, (HP0 3 ) n / 
whilst the acid in the solution prepared from lead metaphosphate and 
hydrogen sulphide has the simple formula HP0 3 . 

Holt ami Myers (1911, 1913) by freezing-point measurements distin- 
guished four varieties of metaphosphoric acid : (1) JIP0 3 from the lead salt 
and 11 2 S, (2) the “ crackling ” acid, (3) the brittle non -deliquescent glass pre- 
pared by heating (2) to redness for twenty-four hours, (HP0 3 ) 2 , and (4) the 
deliquescent glass obtained by heating the commercial acid for a short 
time, (11P0 3 ) 3 . 

Pure metaphosphoric acid is best obtained (Geuther, 1874) by the 
action of phosphorus oxychloride on crystalline ortho- or pyrophos- 

phorie acid : 2H 3 P0 4 + POOL, = 3H P0 3 + 3HC1 

2H 4 P 2 0 7 + P0Cl' 3 =5HP0 3 + 3HC1. 

Metaphosphoric acid (unlike the other phosphoric acids) at once 
coagulates albumin (white of egg) and gives a white precipitate with 
barium chloride in acid solution. Silver nitrate gives a white amorphous 
precipitate of silver metaphosphate AgP0 3 from a nearly neutralised 
solution. 
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Sodium metaphosphate, probably the hexametaphosphate (NaP0 3 ) 6 , is 
formed as a dear glass when acid sodium orthophosphate, acid sodium 
pyrophosphate, or mioroeosmic salt is heated to redness : 

NaH 2 P0 4 -NaP0 3 + H 2 0 
Na 2 H 2 P 2 0 7 - 2NuP0 3 + H 2 0 
NaNH 4 HP0 4 = NaPO, + NH 3 + H 2 0. 

The metaphosphates are more numerous than the simple formula HPO., 
for the acid would suggest. Fleitmann and I iennoberg (1848) regarded them 
as derived from polymerised metaphosphoric adds (HPO a ) n , where n 1, 
2, 3, 4 and (>. By heating NalI 4 P0 4 at 31f>° Graham (1833) obtained a 
sparingly soluble metaphosphato, usually called Madtlrell's salt (1847) and 
regarded as the monometaphosphate NaPO,. On further heating this gives a 
soluble trimetaphosphate (NaP0 3 ) a , and a soluble tetrametaphosphate (NaP0 3 ) 4 . 
When fused and rapidly cooled the metaphosphato forms a cloar glass, 
m.pt. (140°, also obtained by heating microcosmic salt; this is called 
Graham's salt , is very soluble, and is the hexametaphosphate (NaPO,)«. From 
freezing-point and conductivity measurements Tammarm (I SOU) concluded 
that it is complex, Nn 2 [Na 4 (P0 3 ) 6 j. It is used under tho name calgon for 
softening water ; the calcium is not precipitated but forms a complox ion 
which does not precipitate soap : 

Na 1 |Nn 4 (PO J ) i ] l CnS() 4 Na t [Nu I ( , a(PO J ) e | }- Na a SO«. 

When Maddrell's salt or the tetrametaphosphate is carefully heated, a 
crystalline salt melting above 800 ' called KurroCs salt (1802) is formed ; 
it is supposed to be tho octametaphosphate (NaPOJ 8 . Pascal (1923-4), who 
prepared the monomotaphosphate NaPQ 3 by the action of sodium otlioxido 
on the ester (C 2 H 5 P0 a ) 8 , regarded M add roll’s salt as tho dimetaphosphate 
(NaP0 8 ) 2 . 

Polyphosphates, cjj. Na 6 P 3 0„) ( - Na 4 l > 2 0 7 +NaPO a ) are prepared by fusing 
pyro- and metaphosphates togotlicr. 

Constitution of phosphoric acids. — From its method of preparation 
phosphorus oxychloride is given the formula 0 PCI., with a double 
bond between the phosphorus and oxygen : 

01\ . Cl H OH Cl OH Ck 

Cl-SPv 7 CU)P Cl V 0 

C V X C1 HOH 01/ OH 01/ 

Since orthophosphoric acid is formed by the action of water on phos- 
phorus oxychloride it probably contains the phosphoryl radical £/P:~0 : 

/ Cl H OH /OH 

0=~P~~C1 H OH - O-r Pf-OH + 3HC1. 

\C1 HOH OH 

In non-ionic reactions all three hydroxyl groups of orthophosphoric 
acid are substituted, as in the formation of the ester, triethyl ortho- 
phosphate 0==P(0C 2 H 5 ) 3 . 

; v The electronic formulae of the phosphoric acids have been repre- 
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serited as giving phosphorus a covalency of four. Phosphorus, unlike 
nitrogen, may have a covalency of five (as in PF 5 , PC1 5 , etc.), and the 
bond distances show that the formulae with double bonds : 

/OH °N\ /jO .0 

0=P~~0H HO->P — 0 — P~ OH O^pf 

x 0 H HO^ OH ^OH 

are nearer the truth than those giving the octet structure with co- 
ordinate links instead of double bonds. 

Perphosphoric acids. — Phosphates may crystallise with hydrogen per- 
oxide : those with an acid reaction, such as primary phosphates (NaH 2 P0 4 , 
etc.), either do not react or form very unstable compounds ; tertiary phos- 
phates, with an alkaline reaction (KjP 0 4 , etc.) decompose hydrogen per- 
oxide ; but the secondary phosphate* and pyrophosphates of alkali metals 
give fairly stable crystalline compounds, e.g. K 2 HP0 4 ,2JH 2 0 2 , K 4 P 2 0 7 , 
3H 2 0 2 , CaHP0 4 ,.]H 2 0 2 , (NH 4 ).di a P s 0 7 ,H 2 0 l2 ,2H.>0. These are not true 
perphosphat.es. True per phosphates, which do not givo reactions of hydro- 
gen peroxide, are obtained in solution by the electrolysis of secondary 
phosphates of potassium, rubidium, caesium and ammonium in presence 
of fluorides and chromates, but not from lithium or sodium salts. They 
oxidise acidified manganous salt solutions to pink permanganic acid, and 
give a black precipitate with silver nitrate solution. These are salts of 
perdiphosphoric acid, H 4 P 2 0 8 , and permonophosphoric acid, H 3 PO s . 

♦Solutions supposed to contain H 3 P0 6 and H 4 P 2 O a are formed by the action 
of 30 per cent hydrogen peroxide at low temperatures on phosphorus pen- 
toxide, and on a large excess ofVpyrophosphorio acid, respectively. 

Phosphorus trioxide. — The formation of a lower oxide of phosphorus 
by the slow oxidation of phosphorus in air or its combustion in a limited 
supply of air was noticed by Sage (1777), but pure phosphorus trioxide 
was first isolated by Thorpe and Tutton (1890-91 ). White phosphorus 
is burnt in a stream of air in a tube, the P 2 0 5 also formed is removed by 
filtration through glass wool, and the phosphorus trioxide vapour is 
condensed by cooling. 



Fig. 303.-- Preparation of phosphorus trioxide. 


Sticks of phosphorus H in. long are placed in a bard glass tube (Fig. 303) 
connected with the brass inner tube, 1 in. in diameter and 2 ft. long, of the 
Liebig’s condenser containing water at (>(P. A plug of glass wool in the 
brass tube at the end farthest from the phosphorus serves to filter out solid 
whilst the P«0 8 vapour passing on is condensed in the U-tube^ 
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immersed in ice. A rapid stream of air is aspirated through the apparatus 
by a water-pump connected with a sulphuric acid wash -bottle, and the 
phosphorus ignited. The trioxide condensed in the U-tube is melted by 
warming and runs down into the small bottle beneath. 

Pure phosphorus trioxide is a colourless crystalline (monoclinic) 
solid, m.pt. 23-8°, b.pt. 173-1° ; when impure it is waxy. The vapour 
density and the depression of freezing point of benzene correspond with 
the formula P 4 0 fl . 

The P 4 0 6 molecule (like the Ar 4 0 6 molecule, see p. 858) has the four 
phosphorus atoms at the comers of a tetrahedron, each linked to three 
oxygen atoms along the tetrahedron edges (Fig. 304). The P to O distance 
indicates a large amount of double bond character, also shown by the 



valency angle 125" for P — O — P. In P 4 O J0 an extra oxygon atom is added 
to each phosphorus atom, completing the P0 4 tetrahedra, these unshared 
oxygen atoms being very close to the phosphorus atoms. In the P 4 0 6 >S 4 
molecule, which has a similar structure, the P to 8 distance is short. 

Unless quite pure, phosphorus trioxide slowly turns red in light 
owing to the conversion of white phosphorus contained as an impurity 
into red phosphorus, and it may be purified by repeated exposure to 
light and sublimation ; when quite pure it does not glow in air (C. C. 
Miller, 1929). It has a pungent acid smell and is very poisonous. It 
oxidises in air or oxygen to the pentoxide, inflames at 70° in air and at 
50° in oxygen, and spontaneously in chlorine, forming POCl 3 and another 
product, perhaps metaphosphoryl chloride P0 2 C1. It dissolves slowly 
in cold water, forming phosph orous acid : P 2 0 3 4 3H 2 0 = 2H 3 P0 3 ; with 
hot water an explosive reaction occurs, with formation of phosphine, 
phosphoric acid, and red phosphorus : 2P 2 0 3 + 6H a O = PH 3 + 3H 3 F0 4 . 
Alkalis act similarly. 

Phosphorus trioxide combines violently with sulphur to form crystal' 
line P 4 0 6 S 4 . Phosphorus trioxide inflames in contact with alcohol, bui 
dissolves without decomposition in ether, carbon disulphide, benzene 
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and chloroform. With ammonia it probably forms the diamide of 
phosphorous acid HO*P(NH 2 ) 2 . 

Phosphorus tetroxide. — Liquid phosphorus trioxide heated in a sealed 
tube is stable up to 200° ; at 210° it becomes turbid, and at 440° a 
sublimate of phosphorus tetroxide, discovered by Thrope and Tutton 
(1886), and a residue of red phosphorus are formed : 2P 4 0 6 = 3P 2 0 4 + 
2P. The tetroxide sublimes in vacuum at 180°. The vapour density 
at 1400° corresponds with P 8 0 J6 . If phosphorus is burnt in a limited 
supply of air in a tube a buff-coloured powder deposits on the cooler 
part, which is a mixture of red phosphorus, P 2 0 5 and P 2 0 3 . On heating 
in a sealed tube at 290° this gives a crystalline sublimate of phosphorus 
tetroxide : P 2 () 3 -f- P 2 0 5 - 2P 2 0 4 . With water, P 2 0 4 gives a mixture of 
phosphorous and phosphoric acids : 

P 2 0 4 + 3H 2 0 *= H 3 P0 3 4 H 3 P0 4 . 

Phosphorous acid is formed when phosphorus trioxide is dissolved in 
cold water, but is most conveniently prepared by the action of water on 
phosphorus trichloride (Davy, 1812) : PC1 3 p3H 2 0 =H s P0 3 + 3HC1. 

To minimise the rise in temperature the trichloride may he added to con- 
centrated hydrochloric acid, when hydrogen chloride gas is evolved and the 
heat of solution of this does not appear. The solution is evaporated until the 
temperature rises to 180°, when hydrogen chloride is driven off, and the 
phosphorous acid is crystallised by cooling. The crystalline acid is also 
obtained by heating phosphorus trichloride with oxalic acid crystals until 
frothing ceases, and cooling (Hurtzig and Geuthcr, 1859) : PC1 3 + 3(COOH) a 
^H 3 P() a 4 3CO 4 3UO, I 3HCI. 

Phosphorous acid forms white deliquescent crystals, m.pt. 73-6°, de- 
composing at 200° into phosphine and phosphoric acid: 4H 3 P0 3 = 
PH 8 + 3H 8 P0 4 ; in air the phosphine burns with bright flashes. 

Phosphorous acid is a fairly strong reducing agent, precipitating 
some metals, such as gold and silver, from solutions of their salts, and 
reducing mercuric to mercurous chloride : 

2AgN0 3 + H 3 P0 3 4 H 2 0 -2Ag + 2HN0 8 + H 3 P0 4 
2HgCl 2 + HjPOj f H 2 0 = Hg 2 Cl 2 + 2HC1 + H 3 P0 4 . 

Silver nitrate with a phosphite gives first a white precipitate of silver 
phosphite, Ag 2 HP0 3 , which soon turns black from formation of silver : 

Ag 2 HP0 3 + H 2 0 -2Ag + H 3 P0 4 . 

Phosphorous acid precipitates sulphur from sulphurous acid (some 
pentathionie acid, H 2 S 6 0 6 , is also formed) : 

SO a 4 2H 3 P0 8 =-2H 3 P0 4 i-S. 

It is slowly oxidised by iodine and by permanganate in solution. 
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Phosphorous acid is dibasic (Wurtz, 1845) ; although normal esters 
P(OR) 3 are known the ordinary salts are M 2 HP0 3 , where M is a uni- 
valent metal. The dibasic character is explained by the formulation : 

H ~0 O 

H 0 H 

the reducing properties being due to the hydrogen atom directly 
attached to the phosphorus. The acid is rather weak. The two series 
of phosphites known are MH 2 P0 3 and M 2 HPO ;j . When boiled with 
alkalis they do not evolve hydrogen (cf. hypophosphites), but they 
evolve phosphine with zinc and dilute hydrochloric acid. Ordinary 
sodium phosphite is Na 2 HP0 ;j ,f>H 2 0, the ealeium salt is 2Ca HP( ) y , 3 H a O. 

Phosphorous acid reacts with phosphorus pentaehloridc in tin 1 normal 
manner : H 3 PO ;j + 3Pd 5 - \ y (\ + 3POC 1 3 + 3H( >1. 

Pyrophosphorous acid Il 4 P 8 () 6 is formed in noodles, in.pl . 3N' , by shaking P(*l 3 
with H3PO.J for five hours at .*10 40 and leaving in a desiccator over KOK 

arid TW Metaphosphorous acid HP() 2 im formed in feathery crystals by 
the oxidation of phosphine by ov.vgen under 25 mm. ])rcssurc : PII 3 f- () 2 - 
HP() 3 4 H a . 

Hypophosphoric acid. —If sticks of phosphorus in glass tubes open at 
botli ends are supported in a glass funnel over water under a. bell- jar 

(Fig. 305), oxidation occurs and 
fumes sink and dissolve in the 
water. Dulong (1S10) noticed 
that the acid made in this wav, 
called k ‘ Pelletier's phosphorous 
acid ” (1 79b), dill its from ordi- 
nary phosphorous acid, and he 
calk'd it “ phosphatic acid.” 
Salzer (1S77) found that if the 
liquid is partly neutralised with 
soda, sparingly soluble crystals of 
Na 2 H 2 P 2 0 c ,bH 2 0 slowly sepa- 
rate. If lead nitrate is added 
to a solution of this, Pb 2 P 2 0 6 is precipitated, and on suspending this 
in water and passing in hydrogen sulphide, a solution of hypophos- 
phoric acid is obtained, which on e\aporation in a vacuum desiccator 
over sulphuric acid gives crystals of H.,l > .>() 0 ,2H 2 O, rn.pt. 52°, which 
lose water, forming 1I 4 P 2 0 C , in.pt. 70 . 

In another preparation (( 'orne, 1X.N2) limn of .silver nitrate dissolved in 
100 gm. of nitric acid diluted with its own volume of water is heated with 
9 gra. of white phosphorus. When, the violent reaction subsides the 



Fio. 305.- Preparation of hypophon- 
phoric acid. 
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solution is filtered and cooled, when silver hypophosphate Ag 4 P 2 0 6 
separates. This is decomposed by hydrovl ilorir* acid to form hypo** 
phosphoric acid. 

Hypophosphatos are formed hy 1 he action ofbloa, clung powder or sodium 
hypochlorite solutions on red phosphorus (Spefer, 1927 ; Probst, 1929), 
and the acid }>y oxidising phosphorous acid \\ i f 1 1 iodine (Kolitovska, 1937). 

Hypopliosphorie acid decomposes on heating: H 4 P 2 0 (i r*. H ;i P0.j + 
HP0 3 , and at 180° phosphine is evolved. Ji differs from phosphorous 
acid in having no reducing action on metallic salts and in not being 
reduced by nascent hydrogen. The thorium salt is sparingly soluble. 
The acid is oxidised by hot permanganate, but only slowly by cold. 

The doubled formula of the acid H 4 P.,O g is confirmed by the existence 
of an acid sodium salt Na 3 HP 2 0 6 ,9H 2 0. and the molecular weight of the 
ester (O g H 5 ) 4 l\,() 6 in solution (Arlmsov and Arbusov, 1931). The 
structural formula is probably : HO OH 

o-p— p:'-o 

HO ' ()H 

Hypophosphorous acid.- -The residue from the preparation of phos- 
phine hy heating white phosphorus with alkali hydroxide solution 
(}». 571) contains a salt of hypophosphorous acid (l)ulong, 181(5). A 
solution of barium hypophosphite is made bv heating white phosphorus 
with baryta water : 

2P 4 r 3Ba(OH) 2 -i (>H 2 0 - 2PH 3 + 3Ba(ll 2 P0 2 ) 2 . 

It is filtered from barium phosphate also formed and the excess of 
baryta is removed by precipitation as barium carbonate by a current 
of carbon dioxide. The barium kypophosphite is recrvstallised as 
Ba(H 2 P0 2 ) 2 ,H 2 0. A solution of barium hypopliosphite is precipitated 
with the calculated amount of dilute sulphuric acid : 

Ba(H 2 P0 2 ) 2 i H s S0 4 = BttS0 4 + 2H s P() ai 

and the filtered solution of the acid carefully evaporated below 130° to 
a syrup, and cooled in a freezing mixture, when it crystallises. A 10 per 
cent solution of the acid is made commercially. 

Hypophosphorous acid forms colourless crystals, m.pt. 2(5*5", decom- 
posing at 130°, becoming yellow and evolving phosphine : 3H 3 P0 2 ^ 
2H 3 P0 3 4 PH 3 . The salts also evolve phosphine on heating. 

Hypophosphorous acid and hypophosphites are powerful reducing 
agents, precipitating many metals, vaj. silver, from solutions of tlieir 
salts. Copper salts give on warming a brown precipitate of cuprous 
hydride: 


H 3 PO, i 2H 2 0 i 4AgN0 3 ---4Ag i H 3 P0 4 » 4HNO, 
3H a PO a i 3H 2 0 4 2CuS0 4 - 2UuH * 3H 3 PO, t 2H a S0 4 . 
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Hypophosphorous acid and its salts may be titrated with acid 
permanganate : 

H,P0 2 + 20-H,P0 4 . 

Hyp o ph°sph oro iis acid is monobasic , forming crystalline salts such as 
sodium hypophosphite NaH 2 P0 2 ,H 2 0, and calcium hypophosphite Ca(H 2 P0 2 )2, 
prepared by heating white phosphorus with sodium hydroxide solution 
or milk of lime, respectively, and used medicinally as tonics. Most 
hypophosphit.es are soluble in water (Th and Hi salts are insoluble). 
The acid may be formulated : 

OH 

O R H 
11 


the reducing properties being due to the two hydrogen atoms directly 
attached to phosphorus, and the acidic properties to the single OH 
radical. 

Phosphorus sulphides. — -White phosphorus and sulphur react with 
explosive violence when fused together, but when a mixture of red 
phosphorus and small pieces of roll sulphur is heated in a loosely-corked 
flask reaction commences and proceeds without further heating. 
According to the proportions taken the phosphorus sulphides R/> 5 , 
P 4 S 7 , and P 4 S. $ are obtained. A sulphide P.,S 6 has also been described. 
The pure pentasuiphide P 2 S 5 is a pale-yellow solid melting at 290° a*nd 
boiling at 513°-5I5° giving the normal vapour density ; it is slowly 
hydrolysed by cold water: P 2 tt 5 h 8H 2 0 ~2H 3 P0 4 -i f>H 2 S. It can he 
purified by recrystallising from carbon disulphide and heating at 150° 
in carbon dioxide to remove the solvent. The trisulphide P 4 S 3 is purified 
by crystallisation from carbon disulphide or distillation in vacuum. 
P 4 S 3 is bright- yellow, melts at 172-.T, boils at 408' giving the normal 
vapour density, and is only slowly hydrolysed by hot water. The 
heptasulphide P 4 S 7 forms slightly-yellow crystals, sparingly soluble in 
carbon disulphide, m.pt. 310°, b.pt. 523°, rapidly hydrolysed by 
water. 


Thiophosphoric acids. — Sodium salts of monothiophosphoric acid H # PSO.„ 
dithiophosphoric acid II 3 PS 2 0 2 , and trithiophosphoric acid 1I 3 PS 3 0, arc formc<l 
by adding phosphorus pentasuiphide to sodium hydroxide solution and 
precipitating by alcohol. At 20° the trithiophospliafo, at 5(P the dithio- 
phosphate Na a PS 2 0 2 , 1 lH a O, and at 90° the inonothiophosphate Na 3 PS0 3 , 
12.H 2 0, are formed. Tiiose precipitato barium; barium and strontium; 
and calcium, barium, and strontium salts, respectively. Magnesium 
ammonium thiopbosphat.es are sparingly soluble in dilute ammonia. 
Dithio phosphates give a green colour with manganese and cobalt salts ; 
cobalt, inonothiophosphate is intensely blue and the nickel salt is bright 
green. 
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Thiophosphoryl chloride PSOI 3 (Serullas, 1829) is a colourless fuming liquid, 
b.pt. 125°, formed by the reaction EVVl 3PC1 4 5PSCJ 3 . it is hydrolysed 
by water : 

PSCI 3 + 4H a O - H 3 P0 4 + 11 2 S f 3HC1. 

Thiophosphoryl fluoride PSF s (Thorpe and Rodger, 1888) is a colourless 
spontaneously inflammable gas, b.pt. - t>2d> f , formed by the reaction 
P 2 S 5 4 3PbF, 2PSF, I 3PbS. 

Compounds of phosphorus and nitrogen.— Phospliorus pentachloride 
reacts with dry ammonin gas forming a while solid mixture of substances 
containing PCI 3 (NJI 2 ) 2 (Corhurdt, 1840), which is converted by water into 
phosphamide PO(NH)NH s , a w hite insoluble powder. On heating tho pro- 
duct of the action of ammonia on PC1 6 in absence of air, phospham (PN 2 H) £ 
remains as a white powder : 

PCJ 5 t 4NIf 3 -- PHN 3 i-2NH 4 C1 + 3HC1. 

Phospham is only slowly oxidised ori heating to redness in air, but is de- 
composed with incandescence by fused alkali, ammonia and a phosphate 
being formed. On heating in absence of air phosphamide gives a white 
p< >wder of phosphoryl nitride : PO( N II )N H 2 POX 1 X H 3 . 

Ammonium chloride and phosphorus pontuchloride at 175°-200° form a 
mixture of six phosphonitrile chlorides : (PNCI 2 ) 3 , (PNCI 8 ) 4 , (iWlj^, (PNC1 2 )*, 
(PNCI*) 7 and (PX('l 2 ),, which arc 4 very stable. The main product is (PNCl a ) 8 , 
m.pt. 114 , b.pt. 250 . Ether solutions of those compounds when shaken 
with water form metaphosphimic acids, (HO(NH : PO) ]„, stable salts of which, 
e.rj. (Nil 4 ) s H 3 i > 3 N 3 0 ( ,,H 2 0, are known. 

X-ray examination shows that (PNCE), and (PNC1 3 ),, which form 
lustrous colourless crystals from benzene solutions, have ring structures. 
(PNCL), forms an X-mem bored zig-zag ring (like ^-sulphur, p. 451), con- 
taining alternate nitrogen and phosphorus atoms with Cl 2 attached to P 
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(PNGI*), is a colourless elastic rubber-like mass, probably (like plastic 
sulphur, p. 453) containing long chains of alternate phosphorus and 
nitrogen atoms, each linked to a chlorine atom (II). 

Three phosphorus nitrides are described. The compound P 3 N 6 is formed 
by beating P 2 S 6 at 230" in ammonia and then m a current of hydrogen at a 
bright-red heat. When phospham is heated in vacuum above 400 it yields 
pure P # N fi by the reaction : 3PN*H PA* ♦ NH 3 . P 3 N 5 is a white amor- 
phous powder, decomposing into its elements at high temperature in vacuum, 
it is scarcely affected by boiling water but is completely decomposed into 
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ammonia and phosphoric acid by water at 180°. It inflames when heated 
in oxygon or chlorine and is decomposed by many metals, P 3 N 5 is deeom* 
posed by boiling concentrated sulphuric acid : 

2P,N # -» 5H 2 S() 4 f 24H 2 0~(>H 3 P0 4 i 5(NH 4 ) 2 S0 4 . 

In vacuum at 730° it forms PN, which sublimes. PN exists in two forms, a 
red and a yellow. When the product of the reaction of liquid ammonia and 
PC1 3 is heated in vacuum at 550°, a white insoluble non-volatile 
spontaneously inflammable substance, is formed : at 750° in vacuum this 
givos a sublimate of PN (Mourou, etc., 1934--3(>). 
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CARBON AND HYDIUKAR HONS 


Carbon and its compounds. —Carbon occurs in Nature both free and 
in combination. The element occurs in tin- erv stalliiie forms of diamond 
and graphite (also called plumbago and black-lead ), and amorphous 
anthracite coal . Free carbon (as diamond and graphite) also occurs in 
some meteorites, and the spectro- 

scope shows that carbon is pre- /w*y***^ 

sent in the sun and some stars. T T I 

Mixtures of hydrocarbons com- j | 1 

pose mineral oil or petroleum. Coal 

contains complex hydrocarbons, y yT jjj ^y 

hut oxygen and nitrogen are also 11 I 

present. Carbon dioxide COo A 

occurs uneombined in the at mo- 

sphere and combined as carbon- „ rni . . r . 

■ • li i • i . 1<IG. 300. The linking of carbon atoms 

ates, especial I \ calcium carbonate m ,iumuu<l. 

(!a(X) ;l (chalk, limestone , and 

marble ), magnesium carbonate MgC0 3 (mag invite), and a compound of 
the two CaCO^, MgCO ; > (dolomite) of which whole mountain-chains are 
(constituted. 

Plants and animals contain organic compounds of carbon with hydro- 
gen and oxygen, and sometimes nitrogen, sulphur, and phosphorus. 
. ^ . The great number of these compounds 

. (many of which have been prepared by 
synthesis from the elements) makes it 
necessary to study them in a special 
branch of the science called Organic 
Chemist ry. 

Carbon forms such a large number of 
compounds owing to the east* with which 
its atoms, unlike those of most other 
elements, combine to form chains 
(aliphatic compounds ), or rings (cyclic 
compounds ). 

By means of X-rays the arrangement 
of the carbon atoms in diamond and 
Pig. 307.- -The linking of carbon graphite has been found; the lattices 
atoms in graphit< aro described on pp. 391-2, and are shown 

(the diamond lattice redrawn) in Figs. 306 and 307. It will be seen 
that each atom is linked to four others. 

In diamond the bonds are all the same length (1*5 A.) and arranged 
tetrahedrally (Lc. the bonds from each atom point to the corners of a 
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regular tetrahedron with this atom at the centre). In graphite the 
arrangement is quite different : the carbon atoms are arranged in 
regular hexagons in flat, parallel sheets, each atom being linked by 
strong bonds to three others at distances of 1 -4 A. 

The sheets are 3*4 A. apart and the fourth valency distance is so long that 
it may not be a real bond, but may he taken up in resonance between single 
and double bonds in the planes. 

The strong bonds in diamond are supposed to account for its great hard- 
ness ; the planes in graphite crystals readily slip, so that graphite easily 
tlakes into thin films. 

Allotropic forms of carbon.— Carbon is a striking example of allotropy. 
Most organic compounds when heated without access of air blacken or 
char, evolve steam and various volatile organic compounds and usually 
inflammable gases (e.g. methane CH 4 ), leaving finally a black residue of 
charcoal , which consists almost solely of carbon. The smoke produced 
on burning oils with a limited supply of air also consists mainly of 
particles of carbon. That charcoal sin mid he chemically the same 
as diamond would appear improbable ; its analogy with graphite or 
black-lead would seem clearer, yet it is curious that the composition 
of diamond was discovered (1772) before that of graphite (1800). The 
identity of the three forms of carbon was proved by showing that 
equal weights of the pure substance's, when burnt in oxygen yield 
identical weights of carbon dioxide. The amounts of heat liberated are 
different: for 12-01 gm. of carbon they are: graphite 94-20 k. cal., 
diamond 94-43 k. cal., charcoal about 90-72 k. cal. These differences 
are supposed to be due to different modes of linkage of the carbon 
atoms. Since it has been shown by X-rays that all forms of charcoal 
(previously called “ amorphous ”) consist of very minute crystals of 
graphite, there are really only two true allotropic forms of carbon , diamond 
and graphite. 

Diamond. — Diamonds are found in India, Brazil, British (luiana, 
New South Wales, and particularly in South Africa. Most diamonds 
are small but the Cullinan diamond, discovered at Kimberley in 1905, 
weighed about 1J lb., or 3032 carats (1 cantt- 0-2054 gm. The Inter- 
national carat — 0-200 gm,). This is the largest yet discovered, and was 
cut into two brilliants of 5 1 (i-5 and 3< )9 carats. The South African mines 
supply over 90 per cent of the diamonds of the world. 

Large colourless diamonds are the Pitt diamond (136-25 carats), and the 
Koh-i-noor, originally 186 carats hut reduced to 106 by recutting. The 
Hope diamond, 44*5 carats, is a tine blue stone. The cause of the colour of 
diamonds is not clear : exposure to cathode rays may deepen the colour, 
which is lost on heating to 300°- 400 \ except in the caso of yellow, which 
is very stable. 

Black or dark-eolourcd (green, brown, red or grey) diamonds, known 
as carbonado and bort (or boart) are of no value as gems but are very hard 
and are used for rock-drills, for lathe tools for setting abrasive wheels, 
for dies for wire-drawing (e.g. tungsten filaments for lamps), and when 
crushed for cutting and polishing clear diamonds. The latter are pressed 



DIAMOND 


r>95 


xxxjj'J 

against a revolving metal disc, covered with diamond powder and oil. 
Only about 42 per cent of the original weight remains after cutting, 

Boart may mean any impure diamond nrev<*n fragments of gem diamonds. 
Carbonado is usually understood io mean a massive form, granular and 
without cleavage, or an impure aggregate of small crystals. According to 
Roth (1925) the heats of com bust ion of colourless diamond and carbonado 
are 7*873 k. cal. and 7*884 k. cal. per grn. respectively. 


Diamond crystallises in the regular (or cubic) system ; forms related 
to the cube or octahedron, sometimes with curved faces, predominate 
(Fig. 308). The curved faces have been 
formed by growth and not by the action 
of a solvent (Tolansky and Wileock, 1947). 

By cutting, the natural crystalline form is 
removed and an artificial shape, which gives 
rise to a large amount of internal reflexion, 
is substituted. The “ brilliant" consists of 
one larger flat face, forming Ihe base of a 
many-sided pyramid. 

Diamond is extremely hard, but fairly 
brittle : it is scratched by no other sub- 
stance 4 (except possibly boron carbide, B 4 C) 
and stands highest in the Mohs scale, of hard mss, winch comprises the 
following minerals : 

1. Talc. 3. Dalcite. 5. Apatite. 7. Quartz. 9. Corundum. 

2. (lypsum. 4. Fluorite. 0. OrthooJa-.se. 8. Topaz. 10. Diamond. 

Kach mineral in the scale is scratched bv all those below it. In reality, 
diamond is about 140 times harder than corundum. 



Kio. 308.' -Diamond crystal. 


Diamond has a density of 3*510, a high refractive index (2*417 for the 
D-line), and a high dispersive power, giving a play of colours in white 
light. It is transparent to X-rays, whilst all imitations arc opaque. 
Diamond is coloured green by a-rays from radium. Many diamonds 
phosphoresce in cathode ra\s or ultra-violet light. Diamonds are used 
for cutting glass; for this purpose a chisel-shaped crystal edge is 
necessary, since a splinter merely scratches glass without cutting it. 

Diamond resists nearly all chemical reagents ; a mixture of potassium 
dichroinatc and sulphuric acid oxidises it slowly at 200” to carbon 
dioxide. Diamond is attacked by fused sodium carbonate. Lebeau and 
Picon (1924) found that diamond is stable in a vacuum to 1500°, but 
at 1800 5 (more rapidly at 2000°) it is transformed into graphite. If 
heated at 900 f in air or 700° in oxygen, diamond burns, clear diamond 
leaving only a trace of ash (0*05 -0 *2 per cent, chiefly silica and oxide 
of iron) while boart may leave as much as 4*5 per cent of ash. The 
ignition temperature of boart. is higher than that- of (dear diamond. 

The combustibility of diamond was foreshadowed by Newton, who, 
from the similarity of its refractive index to those of oil of turpentine, 
camphor and amber, suggested that it might be “ an unctuous [oilyj sub- 
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stance coagulated." The Florentine Academicians in 1694 heated a dia- 
tnond in the focus of a powerful burning-glass : if glowed like a red-hot coal 
and disappeared. D'Arcot (I7f>6) found that a, diamond strongly heated in 
a closed crucible remained unchanged. IMuequer (1 77 J ) found that a diamond 

strongly heated in air burns with a small 
jiame , and Moissan (1896) said diamond 
burns in oxygen with “a very distinct flame.” 
Allen and Popys (1807) burnt diamond in 
oxygon and showed that it forms the same 
weight, of carbon dioxide as charcoal. Davy 
(1814), usi ng the original Florentine lens, 
burnt a diamond in oxygen. It- took tiro 
and continued to burn, even if removed 
from the focus, with a steady brilliant light. 
Nothing was produced hut carbon dioxido, 
which rendered lime-water milky. Smithson 
Tennant (1797) burnt diamonds by strongly 
heating them in a gold tube with fused 
nitre (first used tor this purpose by (luyton 
de jMor\eau, 1785) : he found that as much 
\ carbon dioxide uas formed as Lavoisier 
e-* (1772) had obtained from an equal weight 

of charcoal. 

H The combustion of a diamond in oxygen 
may tie exhibited by heating a splinter of 
carbonado by an electric current m a spiral of fine platinum wire supported 
copper leads inside a jar of oxygen (fig. 309). A little lime-water is 
shaken up with the gas afterwards. 

After many unsuccessful attempts, artificial diamonds wen' made by 
Moissan in 1803. He heated charcoal at a very high temperature with 
iron in a carbon crucible in an electric furnace, in which an electric arc 
is struck between carbon rods inside blocks of lime (Pig. 310). Fused 
iron dissolves carbon ; on cooling 
slow ly most of the carbon deposits 
as scales of graphite, which are 
seen in a broken piece of grey 
cast-iron. On rapid cooling under 
ordinary conditions, the carbon re- 
mains in solid solution and w hite 
cast-iron is produced. Moissan 
cooled the iron containing carbon 
suddenly from 3500° by plunging 
the crucible into water. On dis- 
solving the iron with hydrochloric 
acid, a residue was left containing three varieties of carbon : (1) a small 
amount of graphite, (2) curious brown twisted threads, apparently 
formed under great pressure, and (3) a portion denser than 3*4 which 
contained very small diamonds, some black and some transparent, 
which were isolated by careful purification and analysed by combustion. 




Ftu. 309.- Combustion <»f 
diamond m oxygen. 
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Moissan at first thought that the important, condition was the* enormous 
pressure developed by the solidification of the molten east-iron inside 
the rigid outer skin, but he afterwards thought rapid cooling was the 
essential condition. Aloissan’s experiment was successfully repeated 
by Huff (1917), who proved that the crystals were diamonds by several 
tests. Thc» largest artificial diamond obtained measured 0-7 mm. 


The presence of oxide of iron in diamond -hearing earth suggests that a 
process similar to that used by Moissan may have been responsible for the 
origin of the natural diamonds. Small clear diamonds have been found in 
meteorites, and diamonds may bo of celestial origin : the iron may. how- 
ever, have come from the interior of t lie eart h. 


Graphite. — Before 1779 molybdenum sulphide (MoS 2 ) and graphite 
(C) were confused under the name molybdoena or black-lead, since both 
are soft grey minerals with a metallic lustre, giving a streak on paper 
like that produced by lead. Scheele in that year found that the first 
mineral gave a peculiar solid acid (molybdic acid, Mot).*) when roasted 
in the air, evolving sulphur dioxide. The name molybdena was re- 
served for this mineral, whilst the other was called graphite (Greek 
grapho — i write : the name is due to Werner), plumbago, or black-lead. 
It w as thought to be a carbide of iron, since it usually left a residue of 
oxide of iron when burnt, carbon dioxide being formed. Scheele 
noticed that graphite deposits from molten iron in blast furnaces : this 
variety is called kish. In 1 K02 ( ’lcment and Desormcs burnt, graphite in 
oxygen and found that it gave as much carbon dioxide as an equal weight 
of pure charcoal. Very pure graphite was prepared by Brodie in 1855. 

Graphite is found m Borrows laic in Cumberland (the mines are worked 
out), Siberia, Bohemia, Bavaria, and Ceylon, and there is some in Canada, 
California, and New York State. Ceylon graphite is purest, but Siberian 
and Bohemian varieties art*, most used for making pencils. 


Artificial graphite is made by the Acheson 
A mixture of sand and 
powdered anthracite or 
coke (petroleum coke is 
best) is heated very 
strongly for twent y-four 
to thirty hours by an 
electric current. Carbon 
rods lead the current 


(1899) at Niagara. 



Eio. 311 


Product n n of graphite in the electric 
furnace. 


through the mass, which is supported on a brick furnace and covered 
with sand (Fig. 311). 


Artificial graphite is very pure and soft, and free from grit, but is more 
expensive than natural graphite. It is used for electrodes, brushes, carbons 
for dry batteries, and as a lubricant, blit not for pencils. \\ ith water con- 
taining tannin it forms a colloidal suspension used as a lubricant caliod 
de flocculated graphite or “ aquadag 11 : when kneaded with oil, the water is 
squeezed out and the suspension of graphite in oil is called “ oildag ** 
(“ dag ” s= deflocculated Acheson graphite). 
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Graphite crystallises in grey shining plates belonging to the hexa- 
gonal or trigonal crystal system, but is usually found in masses of 
easily separated thin sheets, which when rubbed Hake off in thin layers ; 
hence it has a greasy feel, makes a streak on paper, and acts as a 
lubricant. It is also used (as “ black-lead ”) in polishing iron work and 
granular gunpowder. Pure graphite' has a density of 2*25. Graphite 
is a good conductor of heat and electricity, hence it is used in the 
cores of are-carbons, as anodes for electrolytic cells and for covering 
piaster moulds on which copper is deposited by electro-deposition. 

Graphite burns only at a high temperature (about 090° in air), and 
is used for making plumbago crucibles : these consist of 75 parts of 
plastic clay, 25 of sand, and 100 of graphite, moulded and baked. A 
granular mixture of graphite, silicon carbide, and day is used as a re- 
sistance (Lrgptol) in electric furnaces. Mixed with a little plastic clay 
and squirted into threads, graphite is used to make black-lead pencils. 
Conrad Gesner in 1505 described a lead pencil made with stimnii 
Anglicum , be. Borrowdale graphite. 

Graphite is not attacked by dilute adds or fused alkalis, or when 
heated in chlorine. A mixture of potassium diehromate and sulphuric 
acid slowly oxidises it to carbon dioxide. It burns brilliantly in fused 
nitre at a high temperature. Graphite is not attacked by fused sodium 
sulphate, which dissolves coke and retort carbon, but gives carbon 
monoxide with fused sodium carbonate. When finely granulated, 
moistened with fuming nitric add, and heated, some varieties (Siberian 
and Austrian) do not swell, whilst others (Ceylon and American) do. 
This is Luzi's test (1891). 

Graphitic oxide.- -Charcoal slowly dissolve's in hot dilute nitric acid 
forming a brown substance called “artificial tannin ” by Hatchett 
(1805). Alkaline permanganate oxidises charcoal to oxalic acid and 
mellitie acid, C 6 (0001i) fi , a derivative of benzene, tin* aluminium salt 
of which is the mineral mdlititc or honey-stone. Graphite is oxidised 
by a mixture of nitric acid, potassium chlorate and concentrated sul- 
phuric acid to a peculiar, almost insoluble, solid calk'd graphitic acid 
(Brodie, 1859) or graphitic oxide (Bert helot, 1809). The formation of 
graphitic acid lias been regarded as a test for graphite, but small amounts 
have been obtained from some kinds of so-called “ amorphous ” 
carbon. 

One grn. of pure powdered Oe$ Ion graphite is added to a cooled mixture 
of 40 ml. of cone. 11 2 S0 4 and 20 ml. of GO per cent HNO s . To the mixture 
are added, in small portions over a period of J \ hours, 20 grn. of KC10 S , 
with shaking. The mixture is allowed to stand 1(3 hours and then poured 
into 1 litre of distilled water. The grapliitie acid is washed by decantation 
till free from acid, filtered (it is difficult to filter) and dried in a desiccator 
over P 2 0 6 , when it forms a mass like varnish (U. Hofmann, 1928). 

According to Brodie and Berthelot, pure graphitic acid is bright yellow 
when moist . The crude greenish product is purified by treatment with acidi- 
fied permanganate. It is brown when dry. 

Graphitic oxide is very sparingly soluble in pure water but reddens 
moist litmus paper : it is amorphous in appearance, but the X-rays 
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show that it is crystalline. According to Brodie its formula is 0 n H 4 0 6 . 
On heating it decomposes violently at 200" and leaves a fine black 
powder of pyrographitic oxide, C 2g H 2 () 4 (?). When heated with hy- 
driodic acid in a sealed tube, graphitic oxide takes up hydrogen, forming 
hydrograph it ic acid , which does not yield pyrographitic oxide on heating. 
Graphitic oxide appears to contain a graphite lattice with oxygen atoms 
attached to carbon. The ratio C : 0 may be as high as 4 : 1 but is 
usually about 2:1. The exact structure is unknown. 

A mixture of potassium chlorate mid concentrated sulphuric acid con- 
verts graphite into a purplo substance containing hydhtgen, oxygen and 
sulphuric acid, called graphon sulphate by Rrodie. On heating, this swells 
up, evolves gas, and falls to a line powder of pure graphite (density 2*25). 
If this is thrown on water, the impurities sink and the pure graphite 
remains floating on the surface. 

Other coloured graphite salts with nitric, perchloric, and pyrophosphorie 
acids have been described (Hofmann, 1938): the acid radicals (HSO/, N0 3 ', 
l'W'") seem to be contained in the spacings between the sheets of carbon 
atoms in the graphite lattice. 

Charcoals. — The following varieties of “ amorphous ” carbon are 
usually described ; as stated above, they all consist of very minute 
crystals of graphite in irregular orientation. They are all black and 
opaque, the density and hardness depending largely on the temperature 
at which they were formed. 

1. Charcoal, from wood, sugar, etc. 2. Lampblack, soot, acetylene 
black, ,‘b Animal charcoal, bone-charcoal, ivory black. 4. Coke (also 
anthracite, etc.). f>. Gas carbon, fi. Electrode carbon, are carbons, etc. 

The black residue rich in carbon, obtained by heating vegetable sub- 
stances such as wood or sugar with exclusion of air, is known as charcoal. 
The purest variety is obtained by healing recrystallised cane-sugar in a 
large covered crucible until gas (‘eases to be evolved ; the resulting 
charcoal is heated at 1000" in a graphite tube in a current of chlorine 
to remove residual hydrogen as hydrogen chloride, after which it is 
washed and heated strongly in hydrogen to remove chlorine. ( -bar coal 
so prepared has a density of 1-8, and ignites in air at 450°. Charcoal 
free from hydrogen is also produced, mixed with magnesia, by burning 
magnesium in carbon dioxide. 

The low ignition temperature m oxygen of wood charcoal as compared 
with the other forms of carbon is seen from Moissaifs results : 



I hamomJ 

Graphite 

Charcoal 

Evolution of carbon dioxide begins - 

720’ 

570° 

200° 

Evolution of carbon dioxide abundant 

790 

000° 

— 

Burns with llame - 

800'’ 850" 

<590° 

345° 


Wood charcoal is prepared by the thermal decomposition of wood 
into volatile parts (gas, water, acetic acid, acetone, methyl alcohol and 
tar), and nonvolatile charcoal. 

Dry wood on heating to 220° becomes brown, at 280° deep brown, at 310° 
black and friable ; above 350° black charcoal is produced. The distillation 
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of wood* with production of tar, acid* and spirit-, was examined by Glauber 
in the seventeenth century. The percentage of carbon in good charcoal is 
about 93 ; it cont ains about 1*5 per cent of oxygon, 2*5 per cent of hydrogen 
and 3 per cent of ash. By heating above 1500’, the hydrogen falls to 0*62 
per cent . 

The manufacture of charcoal is carried out in (a) pits or heaps 
(metier), ( b ) closed ovens or retorts. The charring in ni oiler is very old. 
A rough central chimney is built of turf, and billets of wood stacked 
round it in a conical pile, the whole being covered in with turt (Fig. 312), 
A lighted faggot is dropped down the chimney to kindle the wood, which 



burns slowly, just sufficient air being admitted through holes at the 
bottom. Part of the wood burns, and the* heat generated chars the 
rest. After some days the luminous flame from the chimney is replaced 
by a blue flame of carbon monoxide. All the air-holes an* now stopped 
up and the charcoal is allowed to cool. About 24 per cent of the 
weight of the* 'wood is obtained as charcoal . all the volatile products 
arc lost. 

In the modern process the wood is healed in externally fired ovens or iron 
retorts, from which air is excluded. Tho volatile liquid products are col- 
lected, and the inflammable gas is used for heating the retorts. Tho liquid 
distillate consists of (a) a watery portion (pyroligneous arid) containing 
water, acetic acid, methyl alcohol, and acetone; (b) wood tar, which is 
valuable (e.g. Stockholm tar, from pinewood). Tho yields from 100 parts 
by weight of dry wood are : charcoal 25, tar 10, pyroligneous acid 40, 
gaa 25. 

Properties of charcoal. — Wood charcoal is black and friable, retaining 
the shape of the wood but smaller in volume. Although the density 
of air-free charcoal is 1-3- 1*9, the mass is very porous and floats on 
water. Tf the air is removed by an air pump, charcoal in water in a 
bottle gives out bubbles and slowly sinks. Charcoal is very permanent 
on exposure to air and moisture ; cl tarred oak stakes of the; Roman 
period planted in the bed of the Thames, were found nearly two 
thousand years later still sound at heart. 

In virtue of its great porosity, charcoal readily adsorbs gases (Scheelc, 
and Fontana, 1777). 
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A piece of rod -hot wood-charcoal is passed into a tube of ammonia gas 
standing over mercury (Fig. 313) ; t he gas is rapidly adsorbed. The char- 
coal is cooled by the mercury, and takes up about 5)0 times its volume of 
ammonia gas. 

A very active charcoal is prepared by heating pieces of coconut 
shell under sand in a crucible ; ] volume quenched under mercury 
adsorbs the following volume* of gases (reduced to S.T.Ik) at the 
ordinary temperature 


Ammonia 

171-7 

Hydrogen phosphide 

fiJH 

Cyanogen 

1 07-5 

Carbon dioxide - 

(>7-7 

Nitrous oxidt 

*<> 3 

Carbon monoxide 

21-2 

Ethylene 

71 7 

Oxygen 

17-9 

Nitric oxide - 

7o-r> 

Nitrogen - 

15 


Tho preferential adsorption of ethylene by charcoal has been used to 
extract it from coal gas. Vapours of volatile 
liquids are adsorbed more readily than gases: 
the volumes of ammonia, carbon dioxide, 
steam and alcohol vapour adsorbed at libra' 
are 21-9, 43-K, and 110 S, rcspoctn cly. 

Generally speaking, the adsorption increases 
tlie nearer the gas or vapour is to its lique- 
faction point at the temperature of the ex- 
periment. McLain found that the amount of 
gas taken up increases slow Iv with time, due to 
a slow penetration of the condensed laser into 
iho interior. At. low temperatures tho adsorbed Km. 313.- Absorption of 
amount increases rapidly (Dewar, 1904) : .inmu.iua gas by charcoal. 


( Ja-> 

lie 

H, 

\ N 

o 2 


0 

o 

4 

1 2 

1S| 

volumes at 

1 Sf> 


1 3r> 

i:r» i; 

>.7 230/ 

S.T.P, 


The condensed lay er of gas held by tlx- charcoal is very reactive. Lower 
a crucible containing warm powdered, recently ignited, charcoal into a jar 
of hydrogen sulphide. After it has become sat lira tod with the gas, transfer 
it to a jar of oxygen. Ignition occurs (Stenhou.se, 1N55). 

Chlorine adsorbed by charcoal combines with hydrogen in the dark; 
carbon monoxide and chlorine, or sulphur dioxide and chlorine, combine 
when passed over charcoal, which acts as a catalyst, to form carbonyl 
chloride* ('(Kb, and sulplmryl chloride. S0 2 C1 2> respectively. 

Charcoal also takes up many substances from solution, rjj. metallic 
salts, organic substances such as alkaloids ( e.g . quinine), and colouring 
matters (Low it z, 1700). 

Boil solutions of litmus and indigo with finely-powdered animal elm renal, 
and lilter. The filtrates are colourless. 

A very active form of charcoal, “ a» ii\e charcoal," used in gas-masks, 
is obtained by heating charcoal (iv/. oi birch wood) at 9U0 U in a very limited 
supply of air or in steam, when the material obstructing the pores is removed. 
It is also obtained by carbonising wood which lias been treated with salts 
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such as zinc chloride or magnesium chloride, which are removed from the 
charcoal by washing with water or acids. It adsorbs much more gas than 
ordinary charcoal. Active charcoal is also used (as well as animal charcoal 
and blood charcoal) in decolorising sugar syrup (Derosno, IS 12), or for 
removing fusel oil from crude spirit. 

The decolorising charcoal is revivified by boiling it with caustic soda 
solution and washing. Rone black is revivified by beating to redness in 
closed retorts. 

Animal charcoal, also known as bone-black, is made by heating de- 
greased bones in iron retorts. The volatile products are (a) a watery 
liquid which (unlike that from wood) is alkaline and contains ammonia 
and nitrogenous organic bases, [b) gases, and (c) bone-oil or DippeV. s* oil 
(containing pyridine, etc.). The residue is a black mass containing 10 
per cent of carbon in 80 per cent of calcium phosphate and calcium 
carbonate, etc*. If the calcium salts arc* dissolved out by hydrochloric 
acid, the charcoal remains as ivory black. 

Lampblack. — When coal, wax, oil, and turpentine burn with a supply 
of air insufficient for complete combustion, part of the carbon separates 
as a smoke which settles out as soot. A fine variety of soot called lamp- 
black is made* by burning oil, tar, creosote oil, resin, etc., and col- 
lecting the soot on coarse blankets. In America, natural gas is burnt 
from steatite burners under a cooled rotating metal disc or rollers, or 
(usually) iron bands (“ channels "), the whole being in an iron shed. 
The gas black (called carbon black in America) is removed by scrapers. 
A variety is made at Shawinigan by the explosion of acetylene (from 
refuse carbide) and air under pressures of 50-100 lb. per sq. in., or by 
burning the gas from burners. Most of the carbon black is used as a 
filler in rubber tyres, some as a pigment in printing ink, etc. 

Lampblack contains oily impurities which may be removed by heating 
in chlorine ; it is then a pure form of carbon, density 1*78. 

Coal. — Some varieties of coal (anthracite) contain more than 00 per 
cent of carbon. Goal is a carbonaceous mineral which is the final 
result of a series of decompositions, in the presence of a limited supply 
of air, undergone* by vegetable matter of the remote* past. High pres- 
sure, due to the weight of superimposed strata, was probably also 
necessary. Part of the carbon, hydrogen, and oxygen came off as 
carbon dioxide, water, and methane (CH 4 ), and the residue became 
richer in carbon. The early stages of the decomposition were probably 
caused by bacteria, and beating under pressure may have played a 
part in the later stages. Vegetable remains in coal are seen with the 
microscope, and fossil trees and plants are often found in the coal seams. 
The kind of vegetable matter, and the way it was covered by earth}' 
deposits, varied from ease to ease*. Two theories have been proposed to 
explain the origin of coal. Large beds of coal are supposed to have been 
deposited in situ from vegetable remains ; impure current- bedded 
local coal, such as cannel, is thought to be derived from the burying of 
water-borne vegetable matter in a delta. 

Slopes, from microscopic investigations, recognised four constituent* in 
, banded coal : durain ,/ main, vitrei in, and chimin . Their behaviour on coking 
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(on heating out of contact with air) was shown by Lessing to be different. 
Fusain yields a powdery coke ; durairi coke is also very friable, whilst with 
olarain fusion and swelling occur, with formation of a brown coherent coke. 
Vi train undergoes fusion, yielding a silver-white r< >ko w ith excrescences. The 
four constituents have different adsorptive capacities for pyridine vapour. 

The first stage in the conversion of vegetable matter into coal is 
supposed to be peaty which consists of accumulations of vegetable 
matter, chiefly mosses and hog-plants, which have undergone partial 
change but still preserve evidence of organic structure, although the 
deeper layers may be more compact and homogeneous. The next 
stage is represented by lignite, or brown coal, which is more compact 
than peat anti is lustrous, although impressions and remains of vegetable 
fragments, leaves, etc., are still distinct and numerous. 

The next stage of the process leads to the types of bituminous coal , 
i.v . common coal. Distinct evidences of fossilised vegetables arc still 
present. Bituminous coals burn with a bright smoky tlame, and are 
divided into cak ing and non-raking according as they do or do not soften 
and fuse together on burning or coking, ('annel coal is compact, dull 
grey or black, noil-lustrous, breaking with a ennchoidal fracture and 
giving gas and little coke on heating. Splinters of canncl coal burn 
like candles when ignited, hence tin* name. Jet , found at Whitby, 
etc., is a hard lustrous variety of eannel coal. 

The last stage in coal-format ion is anthracite , rich in carbon. 
Anthracite has a high ignition point, usually a brilliant lustre and a 
ennchoidal fracture, and does not burn with a tlame : it gives an intense 
heat on combustion, but is not suitable* for ordinary grates. Anthracite 
occurs locally in many coal-fields, such as South Wales, Scotland, and 
Pennsylvania. Graphite may be the ultimate stage of decomposition, 
since it always contains a little hydrogen. 

The following table shows the change in composition during the 
conversion of woody matter into coal, with the corresponding increase 
in caloritic value. 


! 

i 

('ai bon. 

Hydrogen. | 

Oxygon. | 

Calorific Value 
li.Th V. per lb. 

Wood - 

50 0 

0 0 

440 

7,400 

Peat - 

00-0 

; r> 9 

34*1 

9,900 

Lignite - - - 

G70 

5*2 

27*8 

11,700 

Bituminous coal 

88-4 | 

5*0 

GO 

14,950 

Welsh steam coal - 

92o 

4-7 

2*7 

If), 7 20 

Anthracite 

94 1 

3*4 

2o 

15,720 

Pure charcoal 

100*0 

— 

— 

14,544 

Petroleum 

So 5 

14*2 

0*3 

19,800 

Coal gas 



- 

19,220 

Hydrogen 


100*0 

— 

02,100 

Methylated spirit - 

Sv 

r. o.o 

13*0 

34*8 

11,100 


(The values for wood, peat, etc., refer to materials free irom moisture 
and ash : the actual materials contain water and the calorific values are 
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smaller than those given. The values for pure charcoal, coal gas, hydrogen, 
methylated spirit, and petroleum are given for comparison.) 

The calorific value of a fuel is expressed as the number of British thermal 
units (B.Th.U., v.e. the number of lb. of water raised 1° K, in temperature) 
evolved by the complete combustion of 1 lb, of the fuel, the water formed 
being supposed condensed to the liquid state. It is determined by burning 
a weighed amount of the fuel in compressed oxy- 
gen in a strong metal bomb calorimeter (Fig. 314). 
The fuel is ignited by a known weight of iron wire 
heated by an electric current and supported over a 
platinum spoon containing the fuel. The bomb is 
immersed in water in a calorimeter. The heat of 
combustion of the iron wire is subtracted from the 
total heat evolved. 

Carbides. — Com pounds of met als with carbon 
are called carbides. Of the alkali metals, only 
lithium combines directly with carbon, forming 
LioOo. Calcium is the only alkaline earth medal 
to combine directly with carbon, forming 0a0 2 ; 
carbides of strontium and barium, Sr ( \> and 
Ba(\„ are made bv heating the oxides with 
carbon in the electric furnace: MO -f 30 ~ 
M(\, i 00. Beryllium combines directly with 
carbon, forming Bo./\ Of the earth metals, 
only aluminium unites with carbon to form 
Al 4 C 3 : the rest form carbides when their oxides 
arc strongly heated with carbon. Manganese 
and uranium form Mn a C and UC 2 , which are decomposed by water. 

By the action of water of some carbides, hydrocarbons arc produced. 
Alkali and alkaline-earth carbides form acetylene: Ca0 2 f 2H 2 0- 
0a(0H) 2 (\H 2 . Beryllium and aluminium carbides give methane. : 
Al 4 C 3 e 1 2H 2 0 - 4Al(0H) a + 30H 4 , Some carbides, e.g. thorium carbide 
ThC 2 , and uranium carbide UC 2 , form gaseous, liquid, and solid hydro- 
carbons ; manganese carbide evolves a mixture of methane and 
hydrogen. 



Ftcj. 3 14.- Bomb 
calorimeter. 


Metal carbides are divided into two classes ; (i) salt-Uhc, containing 

carbon anions (C 2 giving acetylene with water, ( u giving methane) and 
metal ions ; (ii) refractory , mostly very hard, with carbon atoms dispersed 
in the metal lattice (e.g. Tib, Zr( \ V(\ W.F). 


Hydrocarbons. 

Methane. -The marsh gas formed by the bacterial decay of vegetation 
(cellulose) at the bottom of marshy pools, and liberated in bubbles 
when the mud is disturbed with a stick consists mainly.of methane and 
carbon dioxide. Methane occurs occluded in coal and escapes when the 
pressure is relieved, forming fire-damp, which when mixed with air 
causes explosions on ignition. The gas often issues in large quantities 
from “ blowers ” or fissures in the coal, and contains 80-98 per cent of 
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methane, with some carbon dioxide, ethane (C 2 H 6 ), and nitrogen. 
Natural gas from petroleum wells contains more than 90 per cent 
of methane, and the gas from some kinds of rock salt is rich in 
methane. 

Methane is formed by the direct combination of carbon and hydrogen 
at high temperatures : C ; 2H 2 ( Tl 4 . By eireulating hydrogen over 

heated sugar-charcoal more than 95 per cent of the theoretical yield is 
produced. Between 1100" and 2100 , at pressures up to 200 atm., 
methane is the only saturated hydrocarbon formed : ethylene and 
acetylene are formed in smaller amounts. The precentages of methane 
in equilibrium with carbon and hydrogen at atmospheric pressure are : 
850°, 2-5; 1000°, 1*1 ; 1100 ,0*0. Methane is produced when a mixture 
of hydrogen and carbon monoxide is passed over reduced nickel at 
250" to 400°: CO i 3H 2 - CH 4 + IU). 



Fio. 3 1 f>. Pro pa rat inn of motlmno. 

In the laboratory, methane is usually prepared by heating a mixture 
of sodium acetate, which has been fused to remove water ot crystallisa- 
tion, and powdered, with three times its weight, of soda-lime in a 
hard glass or copper tlask (Fig. 804) : 

(TlyFOONa NaOH Na 2 00 ; , ! CH 4 . 

Jt is collected over water. Prepared in this way it is not very pure and 
may contain up to 8 per cent of hydrogen and 10 per cent of unsaturated 
hydrocarbons such as ethylene i. ^ 3 11 the presence of which causes it 
to burn with a slightly luminous flame 

Nearly pure methane is obtained it anlndrous sodium acetate is 
heated with anhydrous barium hydroxide instead of soda-lime : 

2<Tl :{ FO()Nu i Bh(OII)., Na,r() ;; i 1 UFO. * 2<TI,. 

Pure methane is prepared l>y the action of water on zine methvl . 

Zu(Cll,) 2 i 2H 2 0 - Zn(OH), t -X H 4 , 
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or by tho action of zinc-copper couple, or amalgamated aluminium, on a 
mixture of methyl iodide and methyl alcohol : 


CH 3 I-t CH 3 OH f Zn -ZnI(OCH 3 )4 CH f 
2AI + 3CIIJ-+ 3CH.OH- Al(Ol , H,), + All, + 3CII*. 


The zinc-copper couple is prepared by shaking dry zinc dust with one- 
tenth of its weight of dry copper oxide in a flask. The flask is fitted with a 
dropping funnel and a vertical tube containing granulated zinc which has 
been immersed in copper sulphate solut ion. A mixturo of equal volumes of 
methyl iodide and methyl alcohol is dropped slowly on the couple, the flask 
being gently warmed if necessary. The methane passes through the cop. 
pored zinc, which frees it from methyl iodide vapour, and is then collected 
over water. Amalgamated aluminium is more active. It is made by 
immersing small pieces of sheet aluminium in mercuric chloride solu- 
tion and washing in dry methyl alcohol. It is packed into a U-ttibe 
cooler! in ice and is covered with methyl iodide. The mixture of 
methyl iodide and methyl alcohol is dropped on from a tap funnel 
fitted to one side of the U-tubo and the gas evolved passes out t hrough a 
delivery-tube. 


Fairly pure methane is evolved by the action of water on aluminium 
carbide : A1 4 0 3 4 - 12H a O ~4AI(OH) ; , 4 3CH Jt is purified from hydro- 
gen by adding a little* more pure oxygen than is necessary to combine 
with the hydrogen, and passing over palladium black or palladium 
asbestos at 100\ The excess of oxygen is then removed by alkaline 
pvrogallol. 

Properties of methane- Methane is a colourless, odourless, non- 
poisonous gas, b. pi. - Kil-T, m. pt. 185-8 . Tho critical tempera- 
ture and pressure an* - 82-85° and 45-f> atm., the normal density 0-71 tiS 
gm./lit., slightly higher than the theoretical value of 0-7154. It is 
sparingly soluble in water : 5*50 vols. in 100 vols. at 0°, and 3*3 vols. 
at 20 ' : it is rather more soluble in alcohol. 

Methane is very stable. It is decomposed by heat- into carbon and 
hydrogen : the decomposition is inappreciable at 700 ’, and sixty times 
faster at 0S5° than at 785 '. Reaction occurs on the surface of tho 
vessel, a dense form of carbon being deposited. Methane burns in air or 
oxygen with a slightly luminous flame : (-Il 4 f 20 2 --(X) 2 1 2H S () ; its 
ignition point in air is high, viz. 05O‘-750\ When mixed with oxygen 
or air it forms a violently explosive mixture : 1 vol. of methane requires 
2 vols. of oxygen, or 9*5 vols. of air, for complete combustion. The 
lowest percentage of methane in air necessary for the propagation of 
flame is 5-b by volume, and the lowest ignition temperature is stated to 
be 500°. 

In the slow combustion of methane, when a mixture with air or oxy- 
gen is passed over heated porcelain, traces of formaldehyde H-COH arc 
formed : CIi 4 i 0, - H-COH 4 li 2 0. 


According to H. E. Armstrong, and Bono, the combustion of methane 
and of other hydrocarbons occurs by tho entrance of oxygen into the 
molecule, where it is distributed between the carbon and hydrogen to form 
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unstable hydroxylated molecules which may undergo oxidation or thermal 
decomposition : 

OH, -» OIROri ^ 011,(00), -* H OHO -> IH'OOH HO CO OH 

methyl unknown in formal- forrmo carbomo 

alcohol free state dehyde acid acid 

coTiko co 2 + h^o 

At 360° and 100 atm. pressure, up to 17 per rout of methane may rapidly 
be oxidised to methyl alcohol, with only <M> per cent to formaldehyde and 
no trace of hydrogen peroxide. Under ordinary conditions formaldehyde 
is the first product detected 

According to another theory, unstable peroxides are first formed and 
then decompose, the products being further oxidised by excess of oxygen 
into oxides of carbon and water. 

Dalton (1805) found that when methane is mixed with its own 
volume of oxygen, “ the least that can be used with effect,” and fired 
by an electric spark, the mixture explodes without appreciable change 
in volume, with formation of carbon monoxide and hydrogen : CH 4 + 
0 2 =■*('(■) + H 2 f HjjO. “Each atom of gas requires only 2 atoms of 
oxygen ; the cm 1 joins to one of hydrogen and forms water [HO, 
according to Dalton] ; the other joins to the earbone to form carbonic 
oxide, and at the same moment the remaining atom of hydrogen springs 
olf.” On adding a further volume of oxygen, the gas may again be 
tired by a spark : CO + H 2 -f () 2 - 0O 2 f H 2 0. 

A mixture of 1 vol. of methane with 2 vols. of eldorine when kindled 
burns with a dull flame, producing fumes of hydrochloric acid and a 
black cloud of carbon : (JJJ 4 b2CI 2 ~ 4-HC1 - C. A mixture of equal 
volumes of chlorine and methane on exposure to diffuse daylight, 
slowly reacts to form hydrogen chloride and methyl chloride : CH 4 -j-Cl 2 
-0H 3 n f HOI. With excess of chlorine, hydrogen is replaced by 
chlorine until carbon tetrachloride 001 4 is formed as a final product : 

CH 4 -! (V tt01 r (methyl chloride) 

(ffl.jOl -t 01., HOl+OHoOI, (met h\ lone chloride) 

UH 2 Ui 2 t (\~ ilDl i-Cll01 3 “( chloroform) 

CHOI., -UL - HOI + 001, (carbon tetrachloride). 

Mixtures of all the substances are usually produced. Since methane 
can react only by substitution or decomposition and not by addition, 
if is called a saturated hydrocarbon . 

Ethylene. — Hydrogen ami carbon at high temperatures react to form 
methane and a trace of ethylene, w liieh may he absorbed by passing the 
cooled gas over charcoal cooled in liquid air. Most of the ethylene is 
decomposed at the high temperature. At 1200' the ratio of methane 
to ethylene is 100 : 1 : at 1400 it is 10 : l. 

Rthylene is formed b\ passing alcohol vapour over thorium dioxide or 
alumina heated at 340 -350 , acting as a catalyst : C 2 1 I - 01 1 ^ H 2 0 -}- 0 2 H 4 . 

Ethylene is prepared bv dehydrating ethyl alcohol by means of zinc 
chloride, boron trioxide, phosphorus pentoxide, concentrated sulphuric 
acid, or syrupy phosphoric acid: (bH^OH — 0 2 H 4 -{ H 2 0. With sul- 
phuric acid, ethylsulphuric acid, (bH r> HS0 4 , is first formed and then 
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decompose a : (1) C\,H 5 OH ) H 2 S0 4 -C 2 H 6 HS0 4 + H 2 0. (2) C 2 H 5 HSO* 
^H 2 S0 4 f 0 2 H 4 . This method of preparation appears to have been 
discovered by Rechor (I(><>9), but is lirst described by the Dutch 
chemists Deiman, "Bondi, Lauweren burgh, and Pacts van Troostwijk 
in 1795. Ethylene ■was first clearly distinguished from methane bv 
Dalton and by Henry in 1S05. 

30 ml. of alcohol and 80 ml. of concentrated sulphuric acid arc* heated in a. 
litre Husk at 100 -170 , and a mixture of equal volumes of alcohol and 
sulphuric acid dropped in from a tap-funnel. The ga.s is washed with water 
and sodium hydroxide solution to remove carbon dioxide and sulphur 
dioxide. The ethylene is collected over water (Fig. 310). 



Fin. 316. Preparation ol ethylene. 

According lo Xcuth's method (1901). alcohol is dropped by a tube reach 
ing to the bottom of a distilling flask into f>0 ml. of syrupy phosphoric acid 
which has been boiled till the temperature rises to 200 -220' ; or alcohol 
vapour from one flask is passed through phosphoric* acid at 220 in a second 
flask. The gas is passed through a tube* cooled in ice. This gives a very 
pure gas, which may be collected over saturated sodium sulphate solution. 

Properties of ethylene. — Ethylene is a colourless gas witli a peculiar 
sweet smell, it is slightly soluble in water and very soluble in alcohol. 
R. pt. - 103*7'. in. ]>t. -109-5"; critical temperature 9*5°, critical 
pressure 50*05 atm. Pure ethylene has been used as an anaesthetic and 
for “ripening ’* fruit. On sparking, the gas is decomposed into carbon 
and hydrogen. When passed through a red-hot tube it. gives hydrogen, 
acetylene, and methane, with deposition of a lustrous film of carbon. 

According to Rone and toward, the thermal decomposition of ethylene 
may he represented by the* following scheme : 

, [«) (Ub, i 11,. 

ILr.CH, -2( H \ -I tl 2 - >(?,) 2G t H, » JbJ 2 . 

'(<•) C 2 H 2 i liH 2 = 2CH,. 


1 
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The radical CH j is supposed to have a transient existence : it may undergo 
polymerisation, with formation of complex ring compounds* 

Ethylene hums in air with asmok\ luminous liana*, hut in oxygen the 
llame is very bright and does not smoke. When mixed with oxygen in 
the proportions of 1 :3 by volume and kindled, ethylene explodes 
violently, and undergoes complete combust ion : D 2 Hj * .‘Kb 2D(b f 
2II 2 0. It etlivlerie is mixed wit J 1 an equal volume oT oxygen and fired 
by a spark, expansion occurs and carbon monoxide* and 'hydrogen are 
formed: C 2 H 4 t 0 a -iMX) i 211.,. Jf the resulting mixture, whieli burns 
with a blue llame in air, is mixed u itfi half its hulk of oxygon and again 
exploded, carbon dioxide and steam are lurmed : 2D0 1 2H 2 -20 2 ~ 
200 2 f 21 DO (Dalton, 1S10). 

The combustion of ethylene is represented by Hone as follows : 

vinyl alrohol hypothetical 

H,C:CH, -> C!i,:('ll(OII) -> (IIOH’II : Cl 1(0 II ) 

< — ' ' — — lonnic .vid carbonic acid 

ClI,-(’HO 211 COH ll-COOH -> 1IOCO OII 

ucctuliicli'tlf formalilPhyd* . . 1 , 

ILO f ro 1 1 3 0 r CO 2 

The production of' hydrogen in the incomplete explosive combustion of 
hydrocarbons is considered as duo to the secondary thermal decomposition 
ol' the formaldeh\ do : H-t’OII II, j CO, and the free carbon from decom- 
position of aeef aldehydo : ( 'll , ( 4 I() - 0 f 2IL * ( D. 

A mixture of 1 vol. of ethylene and 2 vols of chlorine when kindled 
burns with a red Haim*, fumes of hydrochloric acid and a dense black 
cloud of soot being formed : (U1 , », 2Ch— 4HCI i-2C. 

If ethylene is mixed over water with an equal volume of chlorine 
and the mixture exposed to light, contraction occurs and oily drops 
collect on the surface of the water. These consist of ethylene dichloride 
D>H 4 CI 2 . or Dutch liquid, formed by I he direct addition of chlorine to the 
double bond in the ethylene molecule : 

H,C:0hL i (V-(1l,n-<W1. 

On account of this reaction, ethylene was called olefiant <jtts ( i.e . oil- 
forrnmg gas) by Fourcroy, Ethylene dicliloride w as discov(*r(‘d by the 
Dutch chemists in 1705. Jf passed into bromine covered with a layer 
of water, ethylene forms a colourless pleasant-smelling liquid, ethylene 
dihromidc C 2 H } Br 2 or DlLBMTDBr, similar to the dichloride. 

Ethylene combines with iodine, hydrobromic acid* and hydriodie acid 
at 100% but not with hydrochloric acid: DILyCTL c H Br ('HyClDBr. 
When mixed with hydrogen and passnd over reduced nickel at 130 -150', 
*t forms the saturated hydrocarbon ethane : (%11 4 I or (41 2 :KH 2 

t-H 2 #Cll 3 *('H 3 . Hypochlornus acid forms glycol chlorohydrin : C'H 2 :C"H 2 
1-HOC1 — CHgOH-ClKn. Cold dilute potassium permanganate solution 
*'s decolorised by ethylene, hydrated manganese dioxide is deposited and the 
thylene is oxidised to glycol : 

vn 9 :V\i 3 1 ii 2 o t o - vuxmrn xm. 
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(Concentrated sulphuric acid absorbs ethylene slowly on shaking at 
the ordinary temperature, rapidly at 100°- 170°, with the formation of 
pfhylmlpfmric acid or at ulphocinic acid C 2 FT 5 *HS0 4 : 0 2 H 4 + HvHS0 4 
0 2 H 6 -HS0 4 . When this is boiled with water, alcohol is ])rodueed : 
C 2 Hr/HS() 4 » H(VH ^C 2 H 5 *OH i H 2 S() 4 . Fuming sulphuric acid rapid I \ 
absorbs ethylene, a reaction listed in gas analysis as an alternative to 
absorption by bromine water. Eth ionic acid C 2 H 4 H 2 8 2 0 7 , and carhyi 
sulphate C 2 H 4 S 2 0 6 , are formed. 

Acetylene. — By the action of water on carbide of potassium formed 
in the preparation of the metal from potassium carbonate and ch arena' 

(p. 098), Edmund I)av\ 

31 / \ 2 2 (1830)obtainedahydm 

|| y \ _ If carbon, which was re* 

discovered by Berthelot 
J in I860 an< I called byline 
I * acetylene. He showed 

Fio. 317.-- Kerf helot's synthesis of a«*et\ lent*. that- it is foimed \\licj; 

ethylene or alcohol 

vapour is passed through a red-hot tube, and (in 1802) by direct- synthesis 
from its elements when an electric- arc burns between carbon poles in an 
atmosphere of hydrogen (Fig. 317) : 20 + H 2 ^ C 2 H 2 . Small quantities 
of methane and ethane arc also formed by independent reactions 

Acetylene is formed when a Bunsen burner kk strikes back,” i.c . when 
the coal gas burns at the lower small jet, with a limited supply of air and 
in contact with the metal tube, which cools the tlame. The peculiar 
smell noticed is said to be due to acetylene, although it may be due to 
formaldehyde. The acetylene is probably formed from the thermal 
decomposition of the ethylene in the coal gas. 

The acetylene in the gas is detected by holding over t lie burner a gM** 
wetted inside with anunoniacal cuprous chloride solution. The dark blue 
liquid is rapidly covered with a red czz> 

film of cuprous acctylide Cu 2 C 2 , which is 
explosive when dry. aPIT 

Acetylene is prepared by the act ion 
of water on calcium carbide (Wohler, ftff JdtHi \\ 

1862) : Ca('» + 2H,0 - Ca(OU) 2 i % fjl \ 


Cover the bottom of a conical flask / \ 

with a layer of sand, and place on tins / o \ v 

a small hoap of calcium carbide (Fig. / 

318). Displace the air with coal gas, 
and allow water to drop slowly on the ,, 

carbide. Acetylene is rapidly evolved, 1 J 

and will burn with a very luminous smoky flame. The acetylene prepared 
from commercial carbide has an unpleasant smell, due to impurities sure 
as phosphine PH a , removed by passing through a solution of bleaching 
powder. Acetylene generators act on the principle of the Kipp 
apparatus, or else a regulated stream of water drops on the carbide. 
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Pure acetylene is evolved on decomposing cuprous acetvlide with po- 
tassium cyanide solution : 0u 8 0 2 -i 2KCN i 211./) gCuCNT + 2K01J + C/l 2 ; 
or when ethylene dibromide is dropped into boiling alcoholic potash (or 
sodium ethoxido dissolved in alcohol) : (MI^Br-EI [ 2 Br +-2KOH (11 : OH + 
2 KBr I 2H a O. Tlie compound (\,11 ,Br is formed in an intermediate stage. 

Properties of acetylene, — Acetylene is a colourless gas with an ethereal 
smell when pure, but when impure it has an unpleasant odour. When 
strongly cooled it forms a white solid subliming at -~83d>\ luider 
1*25 atm. pressure the solid melts at SI to a colourless liquid. The 
critical temperature is 35T> , the critical pressure hi -bo atm. The gas 
dissolves in its own volume of water at 15 ’ and is more soluble in alcohol. 
Acetylene ignites at 4'2X J in air, burning with a very smoky luminous 
flume, but if supplied to special burners under a pressure of 2-S in. 
of water, so as to escape through fine capillaries and mix with a regu- 
lated amount of air, the flame is very bright and does not smoke. 
Acetylene explodes with oxygen with extreme violence : 20 2 li 2 4-50 2 - 
40() 2 i 2H 2 () ; it is unsafe to Iry the experiment, as strong glass vessels 
arc shattered by the explosion. 

Mixtures of acetylene and air in proportions varying from 4 : 5 to 
f : 80, are explosive. Coal gas is explosive only when mixed with air 
within the limits 1 of gas to 5 1, 4 of air, and the lower limit of explosion 
tor methane is 5*4 per cent in air. The danger of explosion with 
acetylene is much greater than with coal gas 

Acetylene forms with the haemoglobin of the blood a compound 
which, unlike that produced by carbon monoxide, is unstable and is 
readily decomposed by aeration. The pure gas has been used as an 
anaesthetic. 

Acetylene is an endothermic compound : 2 C « 114 — (\,H 2 - 47-N k. cal. 
It is unstable, and readily explodes under moderate pressure. It is 
therefore generated a> required, or is absorbed in acetone, which 
dissolves 300 vols. of the gas under 12 atm. pressure. The acetone is 
soaked up in porous material (“kapok ") contained in steel bottles. 
The chief use of acetylene is for illumination, and for the oxy-acetylene 
blowpipe, but it is finding increasing applications in the synthesis 
of organic compounds. 

Acetylene is unsaturated and forms addition compounds. Chlorine 
explodes violently with the gas, but by passing the two gases alternately 
into sulphur chloride containing a little reduced iron, combination occurs to 
form acetylene dichloride (TKhClK’l, uiic^tetraehloride CHOI^CHrig. 
The, so are used as solvents. In contact with platinum black acetylene 
combines w r ith two or four atoms of hydrogen, forming ethylene or ethane, 
t * 2 II 4 or ('gflg, respectively. Hydrobromic acid forms ('H a :CHBr and 
^fla’OHBro (ethylidene bromide, isomeric with ethylene dibromido 
t TL 2 Br-CH s Br). 

If acetylene is passed into a boiling solution of 3 vols. of sulphuric acid 
and 7 vols. of water to which a few per cent of mercuric sulphate is added, 
acetaldehyde CH^-OHO is formed and distils. From acetaldehyde, 
alcohol (Ti 3 CH 2 OH, can be obtained by reduction ; on oxidation, alde- 
hyde forms acetic acid CHyOOOH. 
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The combustion of acetylene is represented by Bone according to the 
scheme : 

glyoxal 

( 110 : 0)2 

> s formic acid carbonic acid 

('()+ ii con -v h - coon -> iio ro oii 

1 a iujico h7>7c?) 2 


When acetylene is heated to dull redness, polymerisation occurs and r, 
liquid mixture of hydrocarbons is obtained, one of which is benzene . 
3(\ 2 H 2 C«ll 6 . Tins is an example of the conversion of an aliphatic into 
aromatic hydrocarbon. A certain amount of the acetylene forms the frv > 
radical CH • , which decomposes into carbon and hydrogen, the latter com 
billing with the CH ■ to form methane CH 4 . 

The composition of gaseous hydrocarbons. — When a measured volume 
of a gaseous hydrocarbon is mixed in a eudiometer with a measured 
excess of oxygen, and the mixture exploded by a spark, water and 
carbon dioxide are formed : 


C W ,H W ; (in t £t?)0 2 ntC Oj. r o//H 2 (). 

The water condenses to liquid on cooling and the carbon dioxide may 
be absorbed by potash solution and its volume found. The residual gas 
is the excess of oxygen used. 

Since the volume of carbon dioxide is equal to the volume of oxyg»m 
used in burning the carbon, say nt e.<\. then if x e.e. of oxygen were 
originally taken and : e.e. remain unabsorbed after the experiment, it 
follows that the volume of oxygen used in the comltustion of the 
hydrogen is y~~x - (in T — jn e.e. This volume of oxygen would cor- 
respond with a volume 2 if or \n of hydrogen existing m the 1 free gaseous 
state. Each volume of carbon dioxide corresponds with one atom of 
carbon and each volume of hydrogen with two atoms of hydrogen 
Thence the composition of the hydrocarbon is easily calculated. 

The results fire shown in a table. To avoid decimals, larger volumes 
of gas are specified than would conveniently be used, and the explosion 
of ethylene or acetylene with oxygon in a eudiometer is attended 
with danger. 


Gas 

Vol. taken 

Vol. of Vol. 

ox>gon after 

sullied explosion 

Coiitnwhon 
with potash 
\oi. CO* 

J{c*sidual 

nx>fti*n 

Vol of 0 2 
comhK. 
with 

Vol. oi 
hydrogen 

Methane - 

30 e.e. 

Ob e.e, ^ 36 e.e. 
0.3 ,, 65 „ 

30 c.(!. 

6 e.e. 

30 e.e. 

bOc.c. 

Ethylene - 

30 „ 

00 „ 

5 „ 

30 „ 

60 „ 

Acetylene 

JO „ 

30 „ 25 „ 

20 „ 

5 ,, 

5 

10 „ 


The table shows that I vol. of methane, gives I vol. of carbon dioxide 
and contains an amount of hydrogen equivalent, to 2 vols. in the free 
state. Thus, 1 molecule of methane contains 1 atom of carbon and 2 
molecules or 4 atoms of hydrogen, and its formula is 0H 4 . This is con 
firmed by the density. 1 vol. of ethylene gives 2 vols. of carbon dioxide 
and contains an amount of hydrogen equivalent to 2 vols. in the fm 
state. Thus, i molecule of ethylene contains 2 atoms of carbon and ; 
atoms of hydrogen, and the formula is C 2 H 4 . i vol. of acetylene give; 
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2 vols. of carbon dioxide and contains an amount of hydrogen equiva- 
lent to I vol. in the free state. Tims, I molecule of ethylene contains 
2 atoms of carbon and 2 atoms of hydrogen, and the formula is ('dt,. 

Coal gas. The distillation nt eoal with the* formation of gas was 
carried out by th(' Rev. John Cla\ton m 1 (>NS, the results being pub- 
lished in 1730. It was also described by Bishop Watson, who found 
that gas, tar, and a. watery liquid wen* formed. The ust* of eoal gas as 
an illuminant was introduced by William Murdock in 179- ; in 171KS 
he installed a. gas plant for lighting tlx* factory of Boulton and Watt at 
Soho, near Birmingham. Gas lighting was introduced into Salford 
factories in 1805, the first, public gas-works being erected there, and 
about the same time gas lighting was used on a very small scale in Lon- 
don, the streets of which wen* lighted by gas in ISOS, Baris following in 
1815. The use of gas in dwe lling houses came much later. 

In the gas-works bituminous coal is “ carbonised “ in fireclay retorts 
(Fig. 319) heated by producer gas formed by passing air and steam 
through incandescent coke. The gas evolved from tlx* coal passes by 
wav of vertical ascension pipfs to a long horizontal hydraulic main , 
which serves as a water-seal, preventing gas passing back when a retort 
js opened. In the hydraulic main partial separation occurs into crude 
gas, ammoniacal liquor, and tar. Tlx* gas leaving tlx* main at about (>0° 
contains tlx* following impurities, in percent by volume, which are later 

removed : 

Mnmoma - - 07 It Hydrogen sulphide - 0-9 -1*7 

I lydroevanie aeid - O 07> U lo ( 'urbon disulphide - 0 02 0*04 

More* tar is separated in the condensf r*, a series of air- or water- 
eooled iron pipes. Ammoniacal liquor deposits w ith the tar, and the 
two collect in tlx* tar-well. The gas passes to exhausters, which main- 
tain a slightly reduced pressure hack to tlx* retorts, and force the gas 
forwards to tlx* purifiers and finally into tlx* gas-holder. From the 
exhausters the gas passes to a. tar sejuirator in which tar fog is taken out, 
sav by dividing tlx* gas into line streams which impinge* on a solid 
surface to which the tar droplets adhere. The gas then passes to a 
icasher, an iron tower packed with coke* or wooden boards set on edge, 
down which water passes, which removes the rest of the ammonia. 

The scrubbed gas contains as ini purities : carbon dioxide, hydrogen 
sulphide (a portion of each ga> is deposited with tlx* ammonia in the 
previous cooling and scrubbing), and carbon disulphide. 100 cubic feet 
of crude gas contain upwards of 400 grains of sulphur as H.,S and 40 
grains as OS.,. It passes to the purifiers, in which it passes over trays 
covered with h\dratcd ferric oxide (“ bog iron ore ). The oxide of 
iron decomposes tlx* hydrogen sulphide w it h formation of ferriesulphide: 
2Fe(0Bi) a i 3H 2 K Fe 2 S <{ i <»IU>. The oxide is “revivified “ by ex- 
posure to air, when sulphur is separated and hydrated ferric oxide re- 
generated : 2Fe 2 S. r i 30. i 0H.O 4Fe(OH) ;< t OS. The old method of 
removing carbon disulphide was to pass tlx* gas through slaked lime 
previously used to remove hydrogen sulphide: Oa(OH) 2 -+ 2H 2 S ~ 
0a(HS) a -i 2H,<) (“foul lime’’), when a thiocar bonate is formed: 
Ca(IlS) 2 4 CS 2 -=CaCS :} -r H.S. The hydrogen sulphide evolved is re- 
x 
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moved in a second purifier. The carbon disulphide is now often left- 
in the gas ; it may be removed by a catalytic process in which the 



gas is passed over nickel at 450°: CS 2 + 2H a = 2H a S 4 C. The 
hydrogen sulphide formed is removed as usual. 
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The purified gas passes to the gas-holder, a counterpoised iron bell 
sealed below by water, or an iron tower with a piston sealed by flowing 
tar. The purified gas should contain less than 1 part of H a S per 
10,000,000 parts, i.c. it should not blacken lead acetate paper in less 
than 3 minutes. 

Cyanides (whieh are of value) are removed from the crude gas by passing 
through a washer containing ferrous sulphate and alkali, when ferrocyanide 
is produced ; or through amrnoniacal liquor containing ammonium sulphide 
with powdered sulphur in suspension, when a solution of ammonium 
thiocyanate is formed : (NHJ.S, + NH 4 CN - (NH 4 ) 2 S + NH 4 CNS. 

The average composition of genuine coal gas, in percentages by volume, 
is as follows : 


Hydrogen .... 
Methane .... 
Carbon monoxide 

Olefins, acetylene ami benzene 

Nitrogen (mostly from air leakage) 

Carbon dioxide 

Oxygen .... 


38 55 j Diluents, non-illumi- 

22 -25 r nating, but heat-pro- 
4 15 J duoing. 

2'r } rj f Ilhnninants , unsat ura- 
1 ted hydrocarbons. 

2 20 ] 

0 3 r Inerts. 

0 1-5J 


The calorific value of coal gas is about 450 to 5(>0 B.Th.U. per cu. ft. gross. 
Modern gas is often mixed with water gas, produced by blowing steam over 
rod-hot coke: C-j- H a () (X) -i H 2 . In this way the percentage of carbon 
monoxide is increased and that of methane diminished. Carbonisation in 
large vertical retorts of silica brick is now much used, more or loss steam 
being introduced into the retort-, and the coke extracted continuously 
below and coal fed in at the top. In many works, the gas after purification 
is dehydrated before it enters the holder by scrubbing with concentrated 
calcium chloride solution, and to prevent subsequent re-wetting of the gas, 
the wat or in the holder is covered with a film of suitable oil. 


The hydrogen is probably derived from the decomposition (at 800°- 
1000°) of gaseous hydrocarbons in contact with the red-hot walls of the 
retort. The carbon formed deposits as a hard greyish-black mass of 
gas carbon , which is removed by chipping. This is a pure form of carbon, 
density 2*35, which is a good conductor of electricity and is used for the 
pencils of arc lamps or in electric batteries. 

According to Hofmann and Koch ling it is a mixture of graphite with a 
very hard variety of carbon, which they call lustrous carbon , silvery in appear- 
ance, densit y 2 07, which is a moderately good conductor of electricity and 
is deposited on a glazed porcelain surface at 800°-1000° from gas containing 
methane, in the form of a brilliant layer. It is chemically very inert, 
resisting nitric acid and even fused sodium sulphate. 

The luminosity of coal gas flames is due entirely to olefin hydro- 
carbons e.g. ethylene (about 3 per cent), acetylene (0*06-0*07 per cent), 
and benzene vapour. 

The effect of such hydrocarbons on the luminosity of flames may be 
illustrated by fitting a brass jet to each arm of a Y-tube, in one arm of 
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which is u piece of cotton wool soaked in toluene (Fig. 320), attaching 
the tube to a hydrogen apparatus, and lighting the two jets, after the air 
is displaced from the apparatus. The hydrogen 
saturated with toluene vapour burns with a 
luminous flame. 

Coke, — The red-hot residue in the gas retorts 
is raked out, or pushed out by rams, through 
doors opened at the front and back, and quenched 
with water. It is known as gas coke, and used 
as fuel, it is greyish-black, porous, and brittle, 
and contains all the ash of the coal, about half 
the sulphur, and small quantities of nitrogen, 
hydrogen, and oxygen. The average percentage 
of carbon is 81 . 



Fig. 320.- -Luminosity 
imparted to hydrogen 
flame. 


77 lb. of pitch ; 
coal as coke. 


71b. 


The yields from 1 ton of Newcastle coal in gas- 
making aro : 1 2,500 ou. ft. of gas ; 1 gallon of light 
oil scrubbed from tho gas ; 110 lb. of tar, yielding 
of ammonia : and G5- 70 per cent of the weight of the 


A hard variety of coke for metallurgical purposes (e.g. blast furnaces) 
is prepared by carbonising coal in coke-ovens , The old beehive ” oven 
consists of a covered mound of brickwork, in which the coal is partly 
burnt in a limited supply of air, as in charcoal burning. The high tem- 
perature produced carbonises the rest of the coal, and all the volatile 



Courtesy of Coke Oven Managers' Association and Dr . H . A. Mott. 


Fig. 32 J. — Kopper,s coke-oven with “ hair-pin ” circulation flues and 
cross-ovor regenerator. 


products are lost. In modern “ recovery ovens,” e.g. the Otto, Simon- 
Carv&s or Koppers ovens, the coal is heated in closed fireclay or silica- 
brick retorts, 40 ft. long, 14-18 in. wide and 12 ft. 6 in. high (Fig. 321), 
by flues passing between them in which part of the gas evolved, mixed 
with air preheated in regenerators (cf. p. 920), is burnt. The gas from 
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the ovens is cooled to separate tar' and scrubbed with creosote or other 
oil to recover benzene. The coke is pushed out by rams and quenched 
with water. On account of the value of the tar, gas, benzene, and am- 
monia, the use of recovery ovens has replaced the old beehive oven. 

If powdered petroleum coke, gas (retort) carbon, or anthracite, is 
mixed with soot and pitch or tar-oil, is moulded and strongly heated in 
closed retorts, a compact variety of carbon which is a good conductor 
of electricity is obtained. This process is used in the manufacture of 
carbon electrodes for electric furnaces and arc lamps. 

“ Low temperature carbonisation M aims at treating bituminous coal at a 
temperature of 425 *-700 (\ instead of 1 000' us in ordinary gas works or 
coke oven treatment. A ton of coal than gives about 14 ewt. of smokeless 
free burning fuel, together with I i gallons of crude light oil, 15-20 gallons of 
tar (which is different in composition from high temperature tar) and 
3500-0000 eu. ft., of gas of calorific value 050- SOU B.Th.U. per eu. ft. 

Crude benzene (“ benzol ") is now usually extracted from coal gas or 
coke-oven gas by washing u if It a suitable oil, or bv adsorption in charcoal, 
and is recovered. This reduces the carbon disulphide and sulphur com- 
pounds in the gas by half, and also takes out about 05 per cent of tho naph- 
thalene. The naphthalene in gas tends to he deposited as a solid in pipes, 
causing stoppages. 



CHAPTER XXXIII 


OXYGEN COMPOUNDS OF CARBON. FLAME 

The oxides of carbon. — Three oxides of carbon gaseous at the ordinary 
temperature are known : 

Carbon dioxide 00 2 , colourless pas, b.pt. - 50° at 5*3 atm. pressure, sub- 
limation temperature -- 78*52°, critical temperature 31*1°, critical pressure 
72-85 atm. ; the anhydride of carbonic acid HOOO-OH (known only in 
solution). 

Carbon monoxide CO, colourless pas, b.pt. - 191*5”, m.pt. -200°, critical 
temperature - 138*7°, critical pressure 34*6 atm. ; tho anhydride of formic 
acid H CO-OH. 

Carbon suboxide C 3 0 2 , colourless pas, b.pt. + 6°, m.pt. -Ill *3°, the (double) 
anhydride of malonic acid OH 2 (COOH) 2 . 

The solid oxides C 4 0 3 , 0 8 0 3 , and C 13 O f have also been described, and salts 
of the percarbonic acids lt 2 C0 4 and H 2 (\>0 6 are known. 

Carbon Dioxide. 

Carbon dioxide was first prepared by Van Helmont about 1630 ; he 
called it gas sylvestre. It was examined by Joseph Black (1755), and 
more fully by Bergman (1774), and was clearly recognised as an oxide 
of carbon by Lavoisier (1783). Lavoisier determined its composition 
by burning charcoal and diamond in oxygen, showed that it combines 
with bases to form salts (as had been discovered by Black), and called 
it acide carbonique. It was long known as “ carbonic acid gas.” 

Carbon dioxide issues in abundance from the earth in the Poison 
Valley (Java) and the Grotto del Cane (Naples), and the gas from such 
sources, as well as that collecting in collars (which extinguishes a 
candle) is mentioned by Pliny. It occurs in many mineral waters, such 
as those of Selters, Vichy, and the Geyser Spring of Saratoga. By the 
combustion of coal and other carbonaceous fuels, and other processes 
(p. 627), large quantities of it pass into the atmosphere, which contains 
about 3 vols. of C0 2 in 10, 000. Carbon dioxide is formed during 
respiration , as may be shown by blowing expired air through lime- 
water, which becomes milky. Carbon dioxide is evolved in the fer- 
mentation of sugar in the preparation of beer and wine : C B H 18 0 6 ~ 
2C 2 H 5 OH (alcohol) + 2C() 2 , and in other kinds of fermentation and the 
decay of organic matter. 

Large quantities of carbon dioxide produced by combustion (p. 620) 
or from marble and acid are liquefied by compression. The liquid is 
sold in large steel cylinders, from which gas may be taken by standing 
the cylinder upright with the valve above. If the cylinder is laid on its 

618 
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side and the valve opened, a jet of liquid carbon dioxide issues, which 
at once freezes to a snow-like solid. This may be collected in a canvas 
bag tied to the valve. The solid may be handled with a horn spoon ; 
if pressed between the fingers it produces painful blisters. It is sold in 
compact blocks as “ dry ice,” or “drikold,” for use in refrigeration, 
and for producing the gas. 

The boiling point of carbon dioxide is -56° under n-3 atm. pressure. 
The liquid cannot exist under atmospheric pressure. The sublimation 
point of the solid at atmospheric pressure is -78-52° ; a mixture of 
solid carbon dioxide and ether is a convenient cooling agent and may 
be contained in a Dewar cylinder. 

Cut a circular groove in a largo cork, and fill it. with mercury. Place over 
the whole a mixture of solid carbon dioxide and other, by means of a horn 
spoon. The mercury rapidly freezes. Knock out the ring of solid mercury, 
and suspend it by a glass book in n jar of water. A ring of ice is formed, and 
the mercury melts. 

If solid carbon dioxide is scaled up ,in a strong glass tube, it melts 
under pressure to a liquid. If the tube is warmed gently, the liquid 
expands very rapidly, and at 3D the meniscus disappears. At the 
same instant the tube is tilled with a flickering fog, which at once 
vanishes. On cooling, the reverse changes occur : 31° is the critical 
temperature of carbon dioxide. 

Preparation of carbon dioxide .--Carbon dioxide is prepared in the 
laboratory bv the action of acids on carbonates: 2 1 1 + GO./' = CO* -\ 

ICO. 

Pieces of marble and dilute hydrochloric acid in a VVoulfc’s bottle or 
Kipp’s apparatus are generally used : CnfO,, - 211(1 ('iiCl^ + TO* -f- H a O. 
The gas is washed with a little water, or passed through a solution of sodium 
bicarbonate to eliminate acid spray, mid is collected by downward displace- 
ment., since it is 1-53 times as heavy as air. The gas may he dried by cal- 
cium chloride, sulphuric acid or phosphorus pentoxide. The gas usually 
contains a little air unless the pieces of marble are boiled for some time with 
wat er before use. 

If dilute sulphuric acid is added, marble soon becomes coated with 
sparingly soluble calcium sulphate, arul action ceases. If finely-powdered 
chalk is used, the reaction is complete, but. frothing occurs. Marble or 
chalk dissolves readily in concentrated sulphuric acid if a little wator is 
added, since the calcium sulphate forms a soluble acid sulphate, Ca.li 2 (S0 4 ) 2 . 
To remove sulphur dioxide, a common impurity, the gas is passed through 
potassium permanganate solution. 

Pure carbon dioxide is obtained by heating pure sodium bicarbonate : 
2NaHCO.j Na 2 C0 3 i ( ’() 2 c H 2 () ; h\ the action of dilute sulphuric acid 
(boiled to free it from air) on pure sodium carbonate : Na 2 OG 3 \ H 2 S0 4 -~ 
Nu 2 S0 4 h <1p 2 -4 iLO ; or by beating a mixture of 1 part of sodium car- 
bonate with 3 parts of potassium dicliromate : Na 2 (’0 3 +■ I\ 2 Cr a 0 7 — Na 2 Cr0 4 

+ k 2 oo 4 i 0() 2 . 

Carbon dioxide is evolved on heating all carbonates except the 
normal carbonates of the alkali metals and barium carbonate : chalk, 
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limestone, marble, magnesia alba , etc., evolve carbon dioxide at a red 
hcat: CaC0 3 ^CaO 4 C0 2 . 

An impure gas, mixed with nitrogen, is formed by passing a slight 
excess of air over red-hot coke or charcoal : C -1 O a ~00 2 . If this gas 
is passed into concentrated potassium carbonate solution, the carbon 
dioxide is absorbed to form potassium bicarbonate. On heating the 
solution, pure carbon dioxide, free from nitrogen, is evolved, leaving a 
solution of potassium carbonate which is used again : K 2 C0 3 f 00 2 + 
H 2 0^2KHC0 3 . " 

Properties of carbon dioxide. — Carbon dioxide is a colourless gas with 
a faint pungent smell and a slight acid 1 aste. It extinguishes a burning 
taper, sulphur, phosphorus, etc. ; air in which a taper has burnt out 
contains 2i per cent by volume of carbon dioxide and 171 per cent 
of oxygen is still present. The gas is used in extinguishing fires. 


Ignite a little benzene in a porcelain dish, and decant over it a large bell- 
jar of carbon dioxido. The flamo is extinguished. 

Fire extinguishers consist of a strong metal vessel containing a solution 
of sodium carbonate, with a glass tube or bottle of sulphuric acid inside. 
By means of a rod attached to a knob outside tho glass tube may bo broken, 
or by inverting the container the acid poured from the bottle, and the mix- 
ture of liquid and gas then issues forcibly from tho nozzle. 

Carbon dioxide does not support respiration, and animals die in it 
from suffocation, but it is not poisonous and if oxygen is taken in 
time recovery with no ill -effect follows. 

Burning sodium, potassium, and magnesium continue to burn in 
carbon dioxide, with separation of pure carbon : 

IK •+ 800, -2K 2 CO.j i-G, 

CO, 1 2Mg--2MgO ic. 


Burn a piece of magnesium ribbon (or stout wire) in a jar of dry carbon 
dioxide. Treat the residue with dilute sulphuric acid ; magnesia dissolves 
and black specks of carbon float in the liquid. 

A mixture of solid carbon dioxide and magnesium powder burns with a 
brilliant flash when kindled, leaving magnesia and carbon. A piece of 
sodium boated in carbon dioxide in a test-tube forms carbon monoxide: 
2Na 4 - 2C0 t — Na 2 CJOj 4 CO. Potassium forms some potassium oxalate: 
2K h 2C<) 2 K 2 C,0 4 . 


A characteristic reaction of carbon dioxide is the formation of a white 
precipitate of calcium or barium carbonate when the gas is passed 
into, or shaken with, lime-water or baryta- water : Ca(OH), 4 CO, ^ 
CaC0 3 4- HoO. 

At high temperatures carbon dioxide dissociates into carbon mon- 
oxide and oxygen : 2 CO, ^ 2C0 4 0 , ; at different temperatures at 
atmospheric pressure the percentage dissociations arc : 

Temperature abs. - 1000° 1500° 2000° 2500 J 3000° 3500* 

% dissociation - - 0 000025 0*0483 2*05 17 0 54 8 83*2 

Devi lie* (1805) found that if a rapid stream of carbon dioxide was 
passed through a porcelain tube heated to about 1300°, and the issuing 
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gas collected over potassium hydroxide solution (which absorbs carbon 
dioxide), a small amount of a mixture of carbon monoxide and oxygen 
was obtained, indicating a dissociation of about 02 per cent. The 
gas is also decomposed by electric* sparks, and at 3-5 mm. pressure 
05-70 per cent is decomposed by a silent discharge. 

The composition of carbon dioxide. — The composition of carbon 
dioxide, may be found by weight and by volume. The composition by 
weight is determined by burning a weighed amount of pure carbon in 
oxygen, and weighing the carbon dioxide, usually after absorption. 

About l gin. of puriflod sugar-charcoal is weighed into a porcelain boat 
Y, plaeod inside a hard glass tube V , ono half of which is packed with 
recently -ignited granular copper oxide Z (Fig. 322). The pur lying appara- 
tus, consisting of U -tubes A and B containing broken sticks of caustic 
potash, and the absorption apparatus consisting of the weighed potash - 
hulhs C containing concentrated potassium hydroxide solution, with a 
calcium ohlorido tube D, are attached as shown. The tubo is laid in a 
combustion furnace. Sheets of asbestos are placed over the ends of the 



Fin. 322. Gravimetric composition of carbon dioxide. 


tube, to protect the rubber stoppers from heat radiated from the furnace. 
The copper oxide is heated to redness, a slow stream of oxygen being passed. 
The burners under the boat are now lighted, and the combustion of the 
carbon carried out. The layer of hot copper oxide oxidises any carbon 
monoxide to carbon dioxide. The oxygon is allowed to pass after the com- 
bustion is finished to sweep out the carbon dioxide, then the oxygen is dis- 
placed by air. The potash-bulbs are del ached, cooled and reweighod. The 
increase m weight represents the carbon dioxide formed. Let ,r = wt. of 
carbon, y~- wt. of carbon dioxide ; then // ,r wt. of oxygen ; carbon j 
oxygon in carbon dioxide x!(i/ - x). 

Dumas and Stas (ISdl) carried out in this way five combustions of 
natural graphite, four of artificial graphite, and five of diamond. The 
results were in agreement., the mean weights of carbon combining with 
800 parts of oxygen being as follows : 

290-92 parts of natural graphite, 

200*95 parts of artificial graphite, 

300*02 parts of diamond. 

Dim allowance was made for ash remaining in the boat after the com- 
bustion. 

The equivalent of carbon (O X) is thus almost, exactly 3 and tho atomic 
weight 3 v 4 12. Tho older results from tho gravimetric synthesis of 

carbon dioxide were corrected b\ Scott lor the expansion of the potash 
solution after absorption of carbon dioxide, which alters the air displace- 
ment. The physical method of limiting density fp. 105), gave 12*003 
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(Ledue ; Rayleigh ; CO) ; 12-007 (Moles and Salazar ; CO) ; and 12*0039 
(Baum© and Perrot ; OH 4 ). Owing to the existence of the isotope C ~ 13, 
the value is probably ciosor to 12-01 than’ to 12-00, and a value close to 
12-01 was obtained by Whytlaw-Gray and Woodhead (1933) from the 
limiting density of carbon monoxide. 

The volumetric composition of carbon dioxide is found, approxi- 
mately, in the same apparatus as was used in the case of sulphur 
dioxide (p. *104). A piece of dry charcoal is burnt in a confined volume 
of dry oxygen over mercury. After cooling, the volume of gas is 
practically unchanged. Thus, the number of molecules of ear bon 
dioxide produced is equal to the number of molecules of oxygen dis- 
appearing, or one molecule of carbon dioxide contains out* molecule of 
oxygen. The density of carbon dioxide gives a molecular weight 44. 
This contains a molecular weight of oxygen, 32, so that the difference, 
12, represents the carbon. A molecular weight of any volatile carbon 
compound never contains a smaller amount of carbon than 12 parts, 
so that 12 is the atomic weight of carbon, and the formula of carbon 
dioxide is CO a . 

Carbonic acid. — Carbon dioxide is fairly soluble in water, which at 
15° dissolves about its own volume of the gas. Under pressure's greater 
than 4-5 atm. at the ordinary temperature, the solubility increases at a 
slower rate than the pressure (i.e. according to Henry’s law). On 
lowering the pressure the gas ('scapes with effervescence, although the 
liquid remains supersaturated and evolves gas slowly for some time. 
If the liquid is stirred, or if porous solids such as sugar or bread-crumbs 
are thrown into it, brisk effervescence results. The whole of the carbon 
dioxide' dissolved is expelled on boiling. Aerated waters (c.r/. soda- 
water) are charged with carbon dioxide under pressure ; “ sparklets ” 
are small iron bulbs containing liquid carbon dioxide. The gas is more 
soluble in alcohol than in water. 

The solution of carbon dioxide has a faintly acid taste, and turns 
litmus a port wine red colour. If the amount of dissolved gas is in- 
creased by pressure, the litmus turns bright red. On boiling, carbon 
dioxide escapes and the blue colour is restored. A portion of dissolved 
gas seems to be combined with water to form carbonic acid H a C0 3 , and 
the solution shows very feeble acid properties, about one-fifth the 
strength of acetic acid (which displaces carbon dioxide from carbonates). 
Carbonic acid obeys Ostwald’s dilution law, and the dissociation con- 
stants have been given as : 

[IT] x [HCO : /J/|H 2 COJ -3*04 x 10 7 at 18" 

(II*] x (00/ (/I HCOo' | -0*4 x 10 11 at 25°. 

From theoretical considerations carbonic acid would be expected to be 
stronger than formic acid, H -OO-Ol I, since addition of a hydroxyl group, 
forming HO-CO-OH, should increase the acidic properties. The neutrahsa 
tion of carbonic*, acid by alkali, with phouolphthalein as indicator, is not 
instantaneous as in ionic reactions, so that- it is assumed that less than 1 per 
cent of the carbon dioxide is hydrated. The hydration reaction : (X) 3 i 
HoO^ II 2 C0 3 , requires time. If the hydrogen ions in the solution atr^ 
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referred, not to tlio total C0 2 (as abovo) but to tbo hydrated part H 2 0O 3 , 
carbonic acid is found to bo twice as strong as formic acid. 

Since it dissociates in two stages, carbonic acid is dibasic and forms 
two scries of salts : 

1. Acid carbonates, e.<j. NaHCO ; „ Ca(H(X) ; j) 2 , 

2. Normal carbonates, c.g. Na 2 00 3 , CuC0 3 . 

The structural formula of the acid is written HOOOOH ; esters 
of a hypothetical orthocarbonic acid, C(0J1 ) 4 , c.g. ethyl orthocarbonate, 
C(OC 2 H 5 ) 4 , are known. A crystalline hydrate C0 2 ,(ill a 0 is obtained 
under pressure at low temperatures. 

The normal carbonates of alkali metals are hydrolysed in solution, 
and have an alkaline reaction: Na 2 C(). r f B 2 6 NaOH +NaHC0 3 . 
A decinormal solution of sodium carbonate is ,‘M7 per cent hydrolysed 
at 25°. 


Percarbonates. — If a satumtod solution of potassium carbonate is 
electrolysed at - 10° to - 15°, with a platinum anode enclosed in a porous 
cell, a bluish -whito amorphous precipitate of potassium percarbonate K 2 C 2 0 6 
deposits at the anode. This may bo washed rapidly with cold water, 


alcohol, and ether, and driod over P 2 0 5 . 
sen ted as follows : 


KO-CO OK 


- 2K 


KOCOOK 


The formation of the salt is repre- 
orooK 

i 

o-co-ok 


It is fairly stable at the ordinary temperature when dry, hut is decom- 
posed by water wit h evolution of oxygen. The sodium salt can be prepared 
in solution by electrolysis at 0 1 of a solution of 60 gm. of sodium carbonate 
per litre. The electrolytic percarbonates liberate iodine immediately from 
cold potassium iodide solution : C*() S 'N 2I'-2CO : /' 1 I 2 . These compounds 
are a-perd icarbonates derived from <x-per<I (carbonic acid llOCOCMhCO-OH. 

Several other perearbonutes are formed by chemical processes : (i) the 
action of hydrogen peroxide on concentrated solutions of alkali carbonates 
and precipitating the porearbonate with alcohol ; (u) the action of hydrogen 
peroxide on a hydrated alkali peroxide, at low temperature, or on an alkali 
otlioxido such as KOC 2 H 5 . Compounds so prepared are fi-perdi carbonates 
such as Na/‘ 2 0* and K 2 C 2 0«, isomeric with the compounds prepared by 
electrolysis but with different properties; and pc rwunocarbo nates derived 
from pcrntonncarbonic acid II 2 COj. Some of these liberate iodine and 
oxygen gas from neutral concentrated potassium iodide solution, whilst 
others liberate only oxygen gas. Tbo jS-perdiearhomites may be derived 
from j8-pordicarboiiic acid HOOCOOCOOH, and the permonoearbonates 
from permonocarbonie acid HO OCO Oh. The acids are unknown. 

Some of the pormonocarbonatcs contain water of erystallisat ion and 
some contain also hydrogen peroxide of erystallisat ion : 

U 2 C0 4 JT 2 C) NaH0O 4 Na 2 C0 4 ,i JH.O K ,C() 4 ,2JH a O 

KI1C0 4 NaXK) 4 ,iH t Oj,H 2 () K 2 C0 4 JI 2 0 2 ,UH,0 

Cs 2 C0 4 ,H 2 0 2 ,H 2 0 
K 2 ( 2 0 2 , H 2 () 


RbHC0 4 
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The percarbonatos have been proposed as bleaching and disinfecting 
agents but they are not very stablo as compared with perborates (p. 668). 

The carbon dioxide cycle. — In very remote geological periods the 
atmosphere of the earth was probably very rich in carbon dioxide, 
whilst the primary rocks such as felspar, K 2 0 ,Al 2 03 ,() 8 i 0 2 , consisted 
almost entirely of bases in combination with silica. At high tempera- 
tures, silica displaces carbon dioxide from carbonates, forming silicates. 
As the temperature fell, carbon dioxide and water in the atmosphere 
began to decompose the silicates with the formation of free silica 
(quartz), aluminium silicates (clay), soluble alkali carbonates, and 
bicarbonates of alkaline earths (e.g. potassium carbonate and calcium 
bicarbonate) : K 2 0,Al 2 0 3 ,(>Si0 2 + C0 2 + 2H 2 0 ~K 2 C0 3 + Al 2 0 3 ,2Si0 2 , 
2H 2 0+4Si0 2 . The soluble carbonates (e.g. K 2 C0 3 ) were partly re- 
tained in the soil and were partly washed away to the sea. 

Meanwhile the water of the sea had come into equilibrium with the 
atmospheric carbon dioxide and dissolved some of it. The calcium and 
magnesium bicarbonates were used by marine organisms, which re- 
tained the normal carbonates and set free half the carbon dioxide, 
which was again evolved to the atmosphere. When the organisms died, 
the calcium carbonate of their shells deposited in the form of chalk beds 
or coral reefs (a process still going on) , producing sedimentary rocks. In 
this way carbon dioxide was largely removed from the atmosphere and 
stored in the sedimentary rocks. It is estimated that 30,000 times as 
much carbon dioxide is contained in rocks as exists free in the 
atmosphere. 

The carbon dioxide in the atmosphere was thus considerably reduced 
and more was taken out by the action of green plants in sunlight. The 
remains of these early plants form coal deposits. 

Photosynthesis. — Green plants contain the pigment chlorophyll , 
associated with protoplasm in the form of corpuscles (chloroplasts) 
which are active during the absorption of atmospheric carbon dioxide 
by plants exposed to light. 

In the leaves of green plants are special organs through which atmo- 
spheric water vapour, oxygen, a little nitrogen, and carbon dioxide in 
solution pass into the cell sap. In aquatic plants the gases are absorbed 
entirely from solution. Carbon dioxide is absorbed by all parts of 
the surface of the plant which contain chlorophyll, but mainly by 
the leaves, and it supplies the material from which the plant tissues 
are built. It is converted under the action of light into carbohydrates . 
such as sugars, having the empirical formula (CH a O) x . 

By using an isotope of oxygen 18 0 as a “ tracer element ” it has 
been shown that the oxygon evolved in photosynthesis comes from 
water, the nascent hydrogen from the water then reducing carbon 
dioxide to substances from w r hich carbohydrates are ultimately 
produced : 

2H 2 0 =4H + 0 2 ; C0 2 -b4H-CH 2 0+H 2 0. 

The first product of photosynthesis is probably not formaldehyde, 
H.COH, as was formerly supposed, but appears to be an organic acid 
containing the — COOH group. 
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By using isotopes of oxygen and carbon as “ tracer elements ” it has 
been shown that the oxygen evolved in photosynthesis comes from 
water and not carbon dioxide, the nascent hydrogen from the water 
then reducing the carbon dioxide to substances from which carbo- 
hydrates are produced. 

The production of oxygen by the agency of living green plants under 
the influence of light was observed by Priestley, Ingen-Housz and 
Senebier, at the close of the eighteenth century. 

Watercress, mint, or the common pond-wood El odea Canadensis, is put 
into a flask filled with tap wator and provided with an arrangement for 
collecting gas. On exposure to bright sunlight if available, otherwise to 
bright daylight, bubbles of gas are produced on 
the leaves, which rise into the test-tube (Fig. 323). 

These consist largely of oxygen. The water may 
first be saturated with carbon dioxide. 

The influence of light in promoting chemical 
changes was mot with also in the union of hydro- 
gen and chlorine. In some cases the invisible 
ultra-violet rays of the spectrum are most active, 
and the violet end of the spectrum is often more 
chemically active than the rod or intermediate 
parts. Nevertheless, the name actinic rays, for- 
merly given to the violet and ultra-violet parts of ' 

the spectrum, is inappropriate, since all the rays —Production 

of the spectrum may be chemically active in () f oxygen by green 
different reactions. plants m light. 

The formation of oxygen by the chlorophyll of 
plants occurs most rapidly in red and yellow light, which are absorbed 
by the green chlorophyll. This part of the spectrum corresponds with 
the position of maximum energy for high sun, or the wave-length 
066 mfji 

Hydrogen sulphide is most rapidly decomposed by red light, and in 
some casos even infra-red rays (so-called “ heat rays M ) are most active. 
Light may also retard a chemical reaction : e.g. the oxidation of alkaline 
pyrogallol is retarded by violet light, but accelerated by red light. 

The oxygen also absorbed by the plant from the atmosphere 
furnishes nearly all the energy by which its ordinary life processes 
are carried on, the light energy being concerned only with the 
photosynthesis. In the dark, only carbon dioxide is evolved by the 
leaves, but in light oxygen is evolved, although the smaller evolution of 
carbon dioxide continues. 

The growth of plants. — The food of plants is entirely inorganic. 
Besides gases, plants require mineral matters, which are absorbed in 
solution from the soil by the roots. These include combined nitrogen as 
potassium chloride or sulphate, or the crude potash minerals of Stass- 
furt. Combined nitrogen is supplied in the form of Chile nitre, calcium 
nitrate, ammonium sulphate, blood, guano, and other nitrogenous 
animal products, and farm} T ard manure. It is in all cases converted 
into nitrates by micro-organisms in the soil before assimilation. Phos- 
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phates are supplied as soluble superphosphate of lime, basic slag, bones, 
or other phosphates which can be dissolved by the carbonic acid 
evolved by decaying vegetable matter (humus) in the soil. 

Small quantities of iron, lithium, boron, manganese, etc., also required 
tire taken from the soil. Absorption occurs by selective permeation of the 
dissolved salts through the membranes of the root-hairs. If plants are 
supplied with carbon dioxide, air, and light, and the roots are immersed in 
a solution containing the necessary elements, they continue to grow. 

Respiration. — We now consider those processes which tend to in- 
crease atmospheric carbon dioxide. Early experimenters such as 
Mavow, School e, Priestley, and Lavoisier, knew of the similarity be- 
tween combustion and respiration. Lavoisier pointed out that oxygen 
breathed into the lungs oxidises the carbonaceous materials of the blood, 
producing carbon dioxide which is breathed out, and that animal heat 
results from this chemical process of oxidation. Mayow in 1074 (p. 25) 
had suggested that the process we now call oxidation occurs in the 
tissues. The blood absorbs oxygen (which he called the nitro-aerial 
spirit) from the air taken into the lungs in respiration, and the arterial 
blood conveys this to the tissues. The process of oxidation in the 
tissues produces animal heat. 

The blood contains red corpuscles composed of protoplasm with a 
colouring matter known as haemoglobin , containing iron. Haemoglobin 
absorbs oxygen, producing a bright red substance which exists in the 
blood of the arteries, passing from the lungs to the tissues. In the 
tissues the loosely -combined oxygen is absorbed and oxidation pro- 
cesses occur. These are the source of animal heat and energy, and one 
of the products is carbon dioxide, which remains in solution as carbonic 
acid or bicarbonates. The de-oxygenated blood has now a dark purple 
colour, and part of it passes back to the heart by the veins, to lu* 
pumped to the lungs for re-aeration. 

The expansion and contraction of the lungs, by which respiration occurs, 
are brought, about, by movements of the diaphragm and the ribs, both ol 
which are co-ordinated by a nervous centre in the lower part of the brain. 
This centre is stimulated by carbonic acid dissolved m arterial blood 
passing through it. The reaction of the blood is normally feebly alkaline 
(pH "7-4). To maintain this constant within narrow limits is the func- 
tion especially of the kidneys. The carbonic acid formed in the blood b\ 
processes of oxidation is removed m the lungs m the form of carbon dioxide, 
which is breathed out m the expired air. 

In consequence of the daylight activities of plants, absorbing carbon 
dioxide from the atmosphere, giving out oxygen, and the respiration of 
plants and animals, absorbing oxygen and giving out carbon dioxide, a 
balance is maintained between the amounts of oxygen and carbon 
dioxide in atmospheric air. 

Atmospheric carbon dioxide. — Normal outdoor air contains about 
3 volumes of carbon dioxide per 10,000. The average figures for air at 
Kew are 2*43 (minimum) -3-60 (maximum). On Mont Blanc the 
figures are 2*02 at 1080 m., and 2*69 at 3050 m. In crowded towns and 
especially in rooms not sufficiently ventilated, the carbon dioxide may 
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rise to 0*04 *0*3 per cent by volume. The continued breathing of air con- 
taining 0*2 per cent of C0 2 is injurious (Angus .Smith). The “ stuffiness ” 
of badly ventilated spaces is chiefly the effect of the water vapour from 
the lungs, which tends to saturate the stagnant air and impedes the 
evaporation of* perspiration. 

The total amount of carbon dioxide in the atmosphere corresponds 
with about (500,000 million tons of carbon. The sources of atmospheric 
carbon dioxide are respiration of animals and plants, combustion, 
fermentation, putrefaction, the soil (worms, decay, and gas of volcanic 
origin), mineral springs, volcanic; activity, and iiine- burning. Atmos- 
pheric carbon dioxide is diminished by absorption by the sea, photo- 
synthesis by green plants, and the weathering of silicate rocks (1*62 x 
10 U tons of COjj per annum). On the whole, the carbon dioxide in the 
atmosphere seems to be slowly increasing, and slight changes of climate 
may be due partly to this cause. 

In the determination of atmospheric carbon dioxide, a measured volume 
of air may be drawn by an aspirator ltrsfc through a drying tube containing 
pumice soaked in sulphuric acid and then through a weighed tube contain- 
ing soda-lime. Tins is followed by a tube of pumice and sulphuric acid to 
absorb moisture given off in the soda-lime tube, and the last two tubes are 
weighed together. A more convenient process is Pettenkofer’s method. A 
measured volume of standard baryta water is shaken w ith a known volume 
of the air in a large (8- JO lit.) bottle, and the excess of baryta titrated 
with standard acid and pbenolpbthaloin : Ra.(Oll) s • ( 'O, RaC'Og + H^O. 
Absorption is 'more rapid with a hot solution of baryta. 

Darbon Monoxide 

Lassone (177(5) obtained an inflammable gas by heating eharcoal with 
zinc oxide, and Priestley (170b) from charcoal and iron-scales (Fe 3 0 4 ). 
(Vuickshank (1800) found that tin* gas wa s not hydrogen, but an oxide 
of carbon containing less oxygen than carbon dioxide, and Clement and 
Desorincs showed that it could be formed by passing carbon dioxide 
over red-hot charcoal. Dalton (ISOS) found that the gas requires 
half its volume of oxygen for combustion, and forms its own volume 
of carbon dioxide, so that formula is CO. 

Carbon monoxide occurs in coal gas and in some volcanic gases. It is 
formed in the combust ion of charcoal or coke in a limited supply of air ; 
the blue flames seen on the top of a clear fire consist of burning carbon 
monoxide. 

The presence of carbon monoxide in furnace gases is evidence of improper 
air supply, and its estimation in fine gases affords a check on the furnace 
efficiency. Poisoning by the fumes of burning charcoal, described by Hoff- 
mann in 1710, is due to carbon monoxide, which is a dangerous poison. It 
is also formed in the combustion of petrol in automobile engines, the 
exhaust gases of which are very poisonous. 

The production of carbon monoxide in a fire is usually supposed to 
be due to the reduction of the carbon dioxide, formed from the kwer 
portions of the glowing fuel and the entering air, by passing through the 
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incandescent mass of carbon : C + 0 2 « 00., ; 00 2 + 0 = 200. The 
monoxide burns on the top of the fire, where an excess of air is present. 
Dixon and Baker consider that carbon monoxide is a primary product 
in the combustion of carbon : 20 4 0, =~ 200. If carefully dried carbon 
is heated in oxygen dried by prolonged exposure to phosphorus pent- 
oxide, principally carbon monoxide is formed, according to Baker. 
Wheeler found that both carbon monoxide* and carbon dioxide are 
formed. 

The reduction of carbon dioxide by carbon proceeds rather slowly below 
800°, but above 1000° it is fairly rapid. The equilibrium : C f C0 2 f - - 2C0, 
is not usually readied in the combustion of carbon, and the composition of 
the resulting gas is variable. The table contains the equilibrium values at 
atmospheric pressure for various temperatures. The amount of carbon 
monoxide increases with the temperature. 


Temperature 

Por cent 

COj. by vol. 

Per cent 
CO by vol. 

8f>0 11 

0*23 

93-77 

000° 

2*22 

97-78 

950" 

1 32 

98-08 

1000° 

0 59 

99 4 J 

1050' 

0-37 

99-03 

I 100" 

0-15 

99*85 

1200° 

0*00 

99-94 


The formation of a flame of burning carbon monoxide when a 
diamond burns in air was noticed by Maccjuer in 1771 ; large quantities 
of carbon monoxide arc formed when a blast of air is forced through a 
layer of incandescent coke. The reverse reaction : 200 — (<0 2 4 C, was 
observed by Devillc (1864) ; lie found that carbon is deposited on a 
narrow silvered copper tube conk'd by a stream of water and placed 
axially in a strongly -heated porcelain tube through which carbon di- 
oxide was passed. 



Jvk». 324. — Carbon monoxide from carbon dioxide and carbon. 


Pass a slow current of carbon dioxide over pieces of charcoal heated to 
bright redness in an iron tube (Fig. 324). The carbon dioxide* is removed 
from the issuing gas by a tube of soda-lime, and the carbon monoxide may 
then be burnt at a jet. 
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Carbon monoxide is formed by heating charcoal with oxides of zinc, 
iron, or manganese: C i ZnO - Zn \ CO, or with chalk or barium 
carbonate: BaCO :{ 4 0 = BaO 4 200, and by heating a mixture of 
calcium eabonate, and zinc dust : OaOO.,4 Zn* -CaO I ZnO 4 - CO. It is 
also formed by passing carbon dioxide over zinc dust or iron filings 
heated to redness: 00 2 +Z» — Z 11 O i (X). Calcium, magnesium, and 
alkali-metals, cause the .separation of free carbon: 2Ca+CO,= 
2CaO + C, and 4K i 30O 2 -2K 2 CO, i P. 

Preparation of carbon monoxide. -Carbon monoxide is made on the 
large scale by passing carbon dioxide over heated carbon ; in the 
laboratory it is more conveniently prepared by heating formic acid (or 
sodium formate), oxalic acid, or potassium ferrocyanide, with con- 
centrated sulphuric* acid. These reactions were all discovered by 
Ddbereiner about 1820. 

The gas from formic acid is very pure: HOOOH =H 2 0 4 00 ; 
a trace of sulphur dioxide formed by reduction of the sulphuric acid : 
H 2 S0 4 a- (X) -- C0 2 4 S0 2 -I- HoO, is removed by washing with sodium 
hydroxide*- solut ion. A mixt ure of 85 parts of phosphorus pentoxide 
and 15 of water may be used with formic acid (Thompson, 1920). 

Concentrated sulphuric acid is heated to 100° in a flask, and concentrated 
formic acid dropped in from a tap-funnel. Cold concentrated sulphuric acid 
may also be dropped on dry sodium formate in a flask. The gas may be 
dried with phosphorus pentoxide and collected over mercury. Note : carbon 
monoxide is very poisonous. 

Oxalic acid crystals gently heated with concentrated sulphuric acid 
evoKe a mixture of equal volumes of carbon monoxide and dioxide : 
(COOH ) 2 - CO 4 - ( K) 2 -f 1 1 oO. The carbon dioxide is removed by washing 
with alkali solution. 

Twenty-five gin. of crystallised oxalic acid (C 2 H 2 0 4 ,2H 2 0) are covered 
with concentrated sulphuric acid iu a flask. On heating gently, brisk 
evolution of gas occurs. This is passed through a wash-bottle containing 
sodium hydroxide solution, and the carbon monoxide collected over w T ater. 

Potassium ferrocyanide crystals on heating with ten times the weight 
of concentrated sulphuric acid in a large flask evolve nearly pure 
carbon monoxide (except in the later stages of the reaction when 
sulphur dioxide is formed), but the reaction is violent : 

K 4 Fc(0N) a 1 GH*S0 4 4 <>H a O 

— 2~K 2 S0 4 ; FeS0 4 + 3(NH 4 ) a S0 4 + 6C0. 

The synthesis of formic acid is effected by the silent discharge: 
00 f Hob ^ H CO OH, and sodium formate is produced by passing 
carbon monoxide over soda-lime at 200°: NaOH + CO = Ii*CO*ONa. 
Carbon monoxide is, therefore, the anhydride of formic acid. The 
anhydride of oxalic acid, C 2 0 3 , does not exist but breaks up at once 
into CO - 1 - OOo. 

Properties of carbon monoxide. — Carbon monoxide is a colourless 
gas with a peculiar faint smell. It is very poisonous , 10 ml. per kg. 
weight of an animal produces death, and the inhalation of air containing 
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1 vol. of CO in 800 vols. is fatal in half an hour. Coal gas (especially 
modern gas, which contains water-gas) owes its poisonous properties 
to carbon monoxide. Carbon monoxide is not poisonous to green plants 
or soil bacteria, which oxidise it. 

The poisonous action of carbon monoxide depends on its absorption by 
the haemoglobin of the blood to form bright-red ca rboxghaf m oglobi n , which 
is very stable and not decomposed by oxygen. Poisoning with carbon 
monoxide may be detected by the absorption spectrum of the blood. In 
cases of poisoning artificial respiration and administration of oxygen should 
be resorted to at once and prolonged for hours if necessary, the patient 
being kept warm and at rest ; alcohol may be given if there is a tendency to 
fainting. 

Carbon monoxide is liquefied with difficulty ; its critical temperature 
is ~ 138-7° and the critical pressure 34-0 atm. The liquid boils at 
- 191*5° and solidifies at -200°. The gas is sparingly soluble in water 
but is readily absorbed by a solution of cuprous chloride in hydro- 
chloric acid, a compound being formed which can be obtained in 
white crystals, CuCl,C0,2H 2 0. It is also absorbed by a solution of 
cuprous chloride in ammonia, but cuprous chloride in dry alcohol docs 
not absorb the gas. It is absorbed by solid cuprous chloride vnrftr 
pressure , forming GuCl,C0. 

The composition of carbon monoxide is determined by passing it over 
heated copper oxide, the carbon dioxide formed being absorbed in 
weighed potash-bulbs. If the composition of carbon dioxide is assumed 
(see p. 021), that of carbon monoxide may bo found. On exploding a 
moist mixture of 2 volumes of the gas wit h 1 volume of oxygen, 2 volumes 
of carbon dioxide (absorbable by potash) are formed : 20 A ,0 V 4 ()*, 
2C0 2 . Hence x — y~ I, and the formula is 00. This is con firmed by 
the density. 

Many metals form compounds called carbonyls with carbon monoxide 
(see p. 950). Carbon monoxide penetrates heated iron and may 
escape through the iron flues of stoves burning with an insufficient 
supply of air. Carbon monoxide combines directly with chlorine, 
forming carbonyl chloride (phosgene), C001 2 . It reduces iodine pent- 
oxide at 90°, with liberation of iodine: 1 2 0 5 i 5CO = I 2 f 5C0 2 , a 
reaction which is used for the estimation of carbon monoxide. If a gas 
containing only 0*05 per cent of CO is shaken w it h a solution of palladous 
chloride, a black precipitate of palladium is produced. 

Combustion of carbon monoxide. — Carbon monoxide burns in air or 
oxygen with a bright blue flame, forming carbon dioxide. It is a power- 
ful reducing agent, and when passed over heated metallic oxides it 
abstracts the oxygen : PbO + 00 = Pb + C0 2 . Carbon monoxide is the 
active agent in a number of metallurgical processes, e.g. in the blast 
furnace. 

A mixture of two volumes of carbon monoxide and one volume of 
oxygen explodes when sparked. H. B. Dixon (1880) found that if the 
gas is carefully dried by phosphorus pentoxide, it cannot be exploded 
in a eudiometer, although combination occurs locally in the path of the 
electric sparks. If a trace of moisture, or of any gas which contains 
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hydrogen and so produces water on combustion in oxygen (CH 4 ,ILS, etc. ) , 
is added, the mixture can be exploded by a spark. M. Trail be (1885) 
found that a burning jet of carbon monoxide, which has been dried with 
phosphorus pentoxide, is extinguished in a jar of air containing concen- 
trated sulphuric acid which has been standing stoppered for a few hours. 

Girvan (1903) found that 1 molecule of water in 21,000 of the gas is still 
activo. The maximum effect is produced by 1-5 per cent of water vapour. 
Bone and Weston (1920) found that a very dry mixture is exploded by a 
very powerful electric spark, but the combustion is incomplete. 

Since carbon monoxide reduces steam at high temperatures : CO + II 2 0 
r— CO 2 + 11", Dixon supposed that this reaction first occurs, and that the 
hydrogen then, combines with the oxygen present to reproduce water : 
2TI 2 + O a ~ 2IJ 2 0, and so on. Another theory suggests a reaction involving 
atomic hydrogen : (a) lit () 2 i CO-OH-+ C0 2 ; (h) Oils CO-C0 2 -»-U. 

In some cases tho presence of pure water is not sufficient to catalyse a 
reaction, but. a trace of impurity is needed. 

11. B. Baker (1902) found that a mixture of very pure hydrogen and 
oxygon from the electrolysis of barium hydroxide solution, if sealed up 
in glass tubes over purified ICO,;, combined slowly after prolonged drying 
when tho tubo was heated with a flame, or if a spiral of silver wire was 
heated almost to tho melting point in the gas, but no explosion occurred. 
Tho water produced by tho combination was, according to a theory pro- 
posed by II. E. Armstrong (1S85), too pure to form an clectncally- 
conducting circuit, winch he considered necessary for eliomical change : 

CO ; O Il 2 ! O C0 2 j Tf 2 0 

CO j O IU I o co 2 ( U 2 0 

Before After 

The water normally forms a ” closed conducting circuit,” owing to traces of 
impurity 7 , and the oxygen acts as a depolarisor. 

Catalytic effects of moisture. — Many cases of tho catalytic effect of 
moisture are known. Dry chlorine does not combine with many dry 
metals, except mercury. Dry carbon monoxide and oxygen do not. 
explode on sparking. In the absence of moisture, to the extent pro- 
duced by 7 prolonged drying over phosphorus pentoxide, carbon com- 
bines only slowly with oxygen on heating : ammonium chloride and 
calomel volatilise on heating without dissociation; ammonia and 
hydrogen chloride do not combine on mixing ; and sulphur and phos- 
phorus may be distilled unchanged in oxygen. Nitrogen trioxide, after 
prolonged drying in the liquid state over P0O5, volatilises as N 4 O e ; in 
presence of a minute trace of moisture this instantly dissociates into 
NO and N0 2 . The boiling point of liquid N 4 0 G is also raised from -2 U 
to y 43° by drying for three years. Calomel dried for six months over 
P 2 0 5 at 1 15° will not vaporise at 352°, when its usual vapour pressure is 
347 mm. Nitric oxide and oxygen, hydrogen and chlorine, and am- 
monia and carbon dioxide, do not react when very pure and dry. 
Sodium, potassium, and phosphorus scarcely react with dry oxygen, 
although dry boron, tellurium, arsenic, and antimony react readily 
under the usual conditions. 
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Producer gas. — The gas obtained by passing air through a bed of 
incandescent coke consists mainly of nitrogen and carbon monoxide; 
it is made for heating purposes and called producer gas (or air-gas). 

The producer consists of a closed fire-grate in which coke rests on bars ; 
it is often sealed bolow by water, and the primary air is either drawn through 
the fuel with a fan, or forced through by pressure, the ash-pit then being 
air-tight. If the gas is burnt without cooling, the total amount of heal 
evolved is the same as if the carbon were burnt directly to carbon dioxide ; 
usually 30 per cent of the heat is lost by the producer gas cooling before it 
arrives at the place where it is burnt. Gas-firing is preferred for many pur- 
poses on account of the ease with which it is regulated and its cleanliness. The 
air admitted for the combustion of the producer gas is called secondary air. 

If coal is used instead of coke, the gas will be mixed with coal gas unless 
the draught through the producer is downwards, when the coal gas is 
decomposed by the incandescent fuel. Otherwise the tar must be separated 
from the gas (“ suction -gas '*) ; with down-draught it is absent. 

Water gas. — If steam is passed over incandescent coke a mixture of 
carbon monoxide, carbon dioxide, and hvdrogen, called water gas , 
is formed: (1) 0 + H 2 0 ^ CO +H 2 ; (2) 0 + 2H 2 0 ^ C0 2 + 2H 2 . The 
carbon monoxide increases as the temperature rises, as is seen from the 
following table, giving the results of Bunte : 


Temp. 

°C. 

Percentage 
of steam 
decom- 

Composition of gas 
by volume 

CO 

h 2 

CO 

posed 


CO 

CO* 

«>. 

CO 

aV+cd, 

675° 

8*8 

05*2 

4*9 

29*8 

01 6 

13*3 

0*141 ‘ 

758 

25*3 

65*2 

7*8 

27*0 

0*29 

8*4 

0*224 

840 

41*0 

61*9 

15*1 

22*9 

0*65 

4*1 

0*397 

955 

70*2 

53*3 

39*3 

6*8 

5*80 

1*35 

0*853 

1010 

940 

48*8 

49*7 

1*5 

33*10 

0*98 

0*972 

1060 

98*0 

50*7 

48*0 

1*3 

36*8 

1*05 

0*975 

1125 

99*4 

50*9 

48*5 

0*6 

80*8 

1 *05 

0*988 


Average water gas has the following composition by volume : Ii 2 , 49*17 ; 
CO, 43*75 ; 0O 2 , 2*71 ; methane, 0*31 ; N 2 , 4*00. Its calorific value is 
about 350 B.Th.U. per cu. ft., but as it requires only 2*5 vols. of air for 
combustion, it gives a very hot flame. 

The reactions in the water gas producer absorb heat, hence the hot coke 
is gradually cooled by the steam blast and the amount of carbon dioxide in 
the gas increases. When the steam blast has passed for a certain time it is 
shut off, and an air blast turned on until the fuel is again heated to bright 
redness. The gas formed in the air-blow is usually turned to waste. To 
keep the temperature as uniform as possible, the steam blast is passed 
alternately upwards and downwards through the producer. In recent types 
the fuel bed is thin, and carbon dioxide is largely formed during the air- 
blow, which is short, say two minutes to eight minutes of steam blow. 

Semi-water gas is prepared by passing a mixture of steam and air 
continuously through incandescent coke, the heat evolved by the com- 
bustion of the carbon with the oxygen of the air being sufficient to 
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maintain the temperature for the water gas reaction to occur with the 
steam. Mond gas is formed with a large excess of steam which keeps the 
temperature low (fif>0°), and allows of the recovery as ammonia of a 
larger proportion of the nitrogen of the coal-slack used than if the coal 
had been heated in retorts. 

Carburetted water gas is a mixture of water gas with hydrocarbons, 
partly unsaturated, which burn with a luminous flame. Water gas alone 
(i.e. a mixture of hydrogen, carbon monoxide, and nitrogen) burns with 
a blue non-luminous flame but may be used with Welsbacli mantles for 
illuminating purposes, since it gives out much heat on combustion. 

Pintsch yax is formed by spraying oil into hot retorts and passing the gas 
through a con denser, scrubber, and lime purifier. 

The compositions of typical specimens of semi-water gas (producer gas), 
are given below, together with an analysis of true water gas : 



CO. 

Hj. 

ch 4 . 


o 2 . 

x,. 

Dowson gas from coal 

25-07 

18*73 

0-62 

0-57 


49-01 

„ from coke 

22-40 

7*00 

— 

4-90 

0-50 

55*20 

Mond gas from coal 

13-20 

24*80 

2*30 

12-90 


46-80 

Water gas 

39*0 

51 .9 

0-8 

4-2 

— 

2-9 


The calorilic value of producer and serai -water gas is lou, being usually 
about 125 B.Th.l-. per cu. ft., as compared with about 600 for good coal gas 
and 350 for water gas. 


Carbonyl chloride. — When a mixture of equal volumes of carbon 
monoxide and chlorine is exposed to bright sunlight, or passed over 
active charcoal, combination occurs to form carbonyl chloride or 
phosgene , COOL (Greek, light, and gennao , T produce). This 

compound, discovered by John Davy in 1811, is a colourless gas with 
a penetrating and suffocating odour, and very poisonous. It is readily 
liquefied by cooling, forming a colourless mobile liquid, b. pt. 8*2°. The 
gas does not fume in moist air. blit is readily hydrolysed by water. 

Cl H -OH OH 

GO< - 00 2HCU00, fH 2 0-2H01. 

'Cl H0H OH 

F*hosgene is the chloride of carbonic acid. When the gas is passed into a 
solution of ammonia in toluene, urea is formed : COCI a -f 4NH S = CO(NH 2 ) 2 
•f 2NH 4 C1. This is the diarnide of carbonic acid. Both urea and ammonium 
chloride are precipitated, but may be separated by warming with alcohol, 
in which urea is soluble. The alcoholic solution deposits crystals of urea on 
evaporation and cooling. 

The monoamide of carbonic acid, HO-CO*NH 2 » is called carbamic acid. 
Its ammonium salt NH 4 CMX>NH 2 is contained, with ammonium bicar- 
bonate NH 4 HOO :i , in commercial “ carbonate of ammonia.” 

Carbonyl bromide COBr s , is slowly formed from carbon monoxide and 
bromine vapour, but is best prepared by dropping concentrated sulphuric 
acid into carbon tetrabromido at 160°: CBr 4 + Hj 80 4 — COBr 3 4 S0 3 + 
2HBr. Carbonyl fluoride COF a (m. pt, 114°, b. pt. -83 ') is formed by 
burning fluorine in carbon monoxide. 
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Carbonyl sulphide. — Carbonyl sulphide or carbon oxy sulphide COS, 
discovered by Than in 1807, is formed when carbon monoxide and 
sulphur vapour are passed through a heated tube : CO -f S ^ COS, or 
when sulphur dioxide is passed over red-hot charcoal : 30 4 - 2S0 2 - 
2C0S 4- C0 2 . It is prepared by the action of diluted sulphuric acid (5 
vols. of H 2 S0 4 to 4 vols. of water) on ammonium thiocyanate NH 4 CNS 
at 20°. The unstable thioevanic acid first- formed is hydrolysed : 
HCNS rH 2 0-C0S i NH 3 . 



The gas contains liydroeyanic acid HCN and carbon disulphide. The 
first is removed by passing through very concentrated potassium hydroxide 
solution, the latter by passing through concentrated sulphuric acid followed 
by a mixture of trimelhyl phosphine P(CH 3 ) 3 , pyridine, and nitrobenzono. 
Pure carbonyl sulphide is formed by decomposing potassium ethyl thio* 
carbonate ( Benders salt) with diluto hydrochloric acid : (\1I 5 OCS*OK 4 
HC1 - COS 4 KC1 4 C 2 H 6 OII. 


Carbonyl sulphide is a colourless odourless gas, moderately soluble 
in water, readily soluble in toluene. It liquefies at 0° under 12-5 atm. 
pressure, b. pt. -50*2°, m. pt. -138*2°. It is very inflammable, a 
glowing chip causing ignition, and burns with a blue slightly luminous 
flame. When mixed with oxygen it explodes feebly with a spark, but 
not always after drying with phosphorus pentoxidc : 2C0S-i~30 2 - 
2C0 2 4-280o. A heated platinum spiral decomposes the gas without 
change of volume into sulphur and carbon monoxide : COS = CO -f S 
(solid); the reaction 2COS - CS 2 i C0 2 also occurs. The molecule 
0-.—C—-S is linear. 


The solution of carbonyl sulphide is slowly hydrolysed : COS 4 H z O ^ 
C0 2 4- H 2 S. The mineral waters of Harkany and Farad in Hungary appear 
to contain carbonyl sulphide. Carbonyl sulphide is absorbed by dilute 
aqueous or alcoholic potash with the formation of a mixture of sulphide and 
carbonate: COS -4KOH- K s r() ; , r K a S-t-2H a O. 

Formic acid.— At 120° under 3 to 4 atm. pressure carbon monoxide 
is rapidly and completely absorbed by a concentrated solution of sodium 
hydroxide, sodium formate being produced: NaOH 4 - CO -HCOCXNa. 
From this, anhydrous formic acid H-COOH is obtained cheaply and 
in quantity. Thirty-five parts of concentrated sulphuric acid are run 
into 200 parts of concentrated formic acid, with shaking. To this 
mixture 50 parts of sodium formate and 50 parts of concentrated 
sulphuric acid are added alternately and the liquid is distilled. 

Formic acid is a colourless liquid with a pungent odour, density 1 *220, 
b. pt. lOO'fi 0 , in. pt. 8*43°. It acts violently on the skin, raising blisters. 
The acid is contained in red ants (Formica rufa ), and was first obtained 
from them by distillation by Samuel Fisher, whose results were pub- 
lished by John Ray in 1671. It is also present in nettles and in nearly 
all stinging organisms. 

Formates are powerful reducing agents. Mercuric oxide dissolves 
in dilute formic acid as mercuric formate. This is soon reduced to 
a white precipitate of mercurous formate, and finally to grey metallic 
mercury. The formic acid is oxidised to carbon dioxide, in presence 
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of ruthenium, rhodium, and iridium, especially if traces of sulphides 
are present, formic acid decomposes into carbon dioxide and hydrogen : 
H a C0 2 «=C0 8 i H 2 . The reverse reaction occurs on electrolytic reduc- 
tion with a (dean zinc cathode, or by passing hydrogen through a 
solution of a bicarbonate containing colloidal palladium or platinum. 

If a mixture of sodium formate with one-twentieth of its weight of 
sodium hydroxide is heated at 250°-200 , hydrogen is evolved and sodium 
oxalate remains: 2HC O s Na ((’() 2 Na) 2 -{ 11 2 . From sodium oxalate free 
oxalic acid (C() 2 H) 2 ,2H 2 0 is obtained. By electrolytic reduction of oxalic 
acid, glyoxylic acid HC(MX) 2 H, and finally glycoUic acid 1I,(0H)C-C0 2 H are 
obtained. All these compounds may be obtained from carbon monoxide. 

Carbon suboxide. — If malonic acid CH,(CO()H) 2 or ethyl rnalonate 
CH,(COO(!,H 5 ) 2 is heated with a largo excess of phosphorus pentoxide at 
300 J tinder 12 mm. pressure*, carbon suboxide (\,(), is evolved. Tho reaction 
w it li malonic acid is : CIL(( T)OH ) 2 < '»0 2 -i 2H„(), tliat with ethyl rnalonate 

is: Cli 2 (< ’OOtyisb (\Ot - u 211-0 i 2(/,H 4 . 

Idie gas evolved is liquefied by cooling and fractionated ; the carbon 
suboxide boils at 6°. It freezes in liquid air to a white solid, in. pt. - 2 1 1*3°. 
Tho gas has a pungent odour and is poisonous. It burns in air with a smoky 
flame, and explodes with oxygen when sparked : C 3 0 2 + 20 2 - 3C0 2 . The 
liquid slowly poly rnerises at the ordinary temperature, forming a red solid 
insoluble m water, and the gas decomposes rapidly on heating or in eontaet 
with phosphorus pentoxide. Carbon suboxide dissolves m water, forming 
a solution of malonic acid, of which it is the second anhydride, i.c. formed 
by the removal of ttro molecules of water from one molecule of the acid. Its 
formula is ():C:C:C:() and tho molecule is linear. The gas is readily soluble 
m benzene and xylene. 

Carbon disulphide. — -Sulphur vapour when passed over red-hot 
carbon produces carbon disulphide CS a , a volatile liquid. The reaction 
from solid sulphur and carbon is endothermic: ( - -t 2S — - 19*0 k. 

cal., but Hie reaction with sulphur vapour is exothermic. Carbon 
disulphide was discovered by Lam- 
padius (179b) by heating pyrites 
with charcoal. 

A vertical east -iron or fireclay retort 
(Fig. 325) set m a furnace, is tilled 
with charcoal. Sulphur is fed in 
through a t ube, being kept, fused by 
the waste heat. The sulphur volati- 
lises, and the vapour passes over the 
charcoal at 800 -900 forming car- 
bon disulphide. The vapour passes 
through a small iron cylinder, where 
sulphur is deposited, and the carbon 
disulphide is condensed in a very long 
worm-tube cooled by water. 

In Taylor's electrical process (1899), used in America, a tower is packed 
with charcoal or coke. Below* is a furnace with four carbon electrodes. 



Fiu. 325. — Carbon disulphide retort. 
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between alternate pairs of which an arc is struck. The sulphur in the lower 
part of the furnace melts and evaporates, the vapour passing through the 
heated coke above the arc, and forming carbon disulphide. 

Carbon disulphide is purified by distillation over lead acetate, or bv 
agitation with mercury until it no longer blackens it, after which it is 
redistilled over white wax and then over phosphorus pentoxide. 

On the small scale, carbon disulphide can be prepared as follows. A 
combustion tube is packed with recently ignited charcoal, and the lower end 
is connected with bulb tubes surroundod by ice (Fig. 326). The tube is 


iJ 


Kig. 320. — Preparation of carbon disulphide. 

heated to redness and bits of sulphur are introduced into the upper end, 
which is corked. The sulphur vapour passes over the hot charcoal, and 
carbon disulphide collects in the bulbs. 

Carbon disulphide is a colourless mobile strongly refracting liquid, 
which boils at 46*25°, solidifies at. - 1 16% and remelts at - 1 12*N \ Its 
density at 0° is 1*2923. It is almost insoluble in water : 100 ml. of 
water dissolve 0*204 gm. of CS 2 at 0% 0*179 at 20% and 0*014 at 49 . 
Carbon disulphide mixes with absolute' alcohol, ether, and oils. It 
dissolves sulphur, white phosphorus, indiarubber, camphor, resins, 
etc., and is used as a solvent, but it is mostly used to make viscose 
(artificial silk) by the xarithate process. Carbon disulphide readily 
volatilises. Its vapour has usually an exceedingly unpleasant smell 
which is removed by careful purification, when the liquid smells of 
chloroform, but the smell soon becomes unpleasant again. It is 
poisonous and is used to kill moths in furs and rats and mice in grain 
elevators. The vapour has a relatively low ignition temperature : a 
test-tube filled with hot oil held over the liquid in a dish sets fire to the 
vapour. The vapour mixed with air or oxygen explodes when kindled, 
the most violent explosion being obtained with 2CS a + 50 2 — 2C0 + 4S() 2 . 
Sulphur dioxide, sulphur trioxide, carbon monoxide, and carbon 
dioxide are formed, and no free carbon is deposited. 

If a little mercury fulminate is exploded in a tube filled with carbon 
disulphide vapour, decomposition commences with separation of 
sulphur and carbon, but is not propagated through the vapour. 

Carbon disulphide vapour is decomposed by heated potassium : 
CS 2 + 4K==2K 2 S fC. When chlorine is passed into boiling carbon 
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disulphide containing a little iodine, carbon tetrachloride 0C1 4 is 
formed : 

CS 2 H 3C1 2 -CC1 4 (b. pt. 77°) t S 2 01 2 (b. pt. 138°). 

Both products are useful and are separator! by fractional distillation. 
Carbon tetrachloride is used as a grease solvent, and under the name of 
Pyrene for extinguishing fires ( not sodium /). 

A mixture of carbon disulphide vajiour and hydrogen when passed 
over heated nickel at 450° yields hydrogen sulphide : 

CS 8 i 2H 2 -C { 2H a S. 

This reaction is used in determining the amount of 0S 2 in coal gas : 
the H 2 S is estimated by passing the gas through a solution of lead 
nitrate in sugar syrup, and matching the brown tint of the PbS with 
standards. 

Carbon disulphide reacts with a solution of triethyl phosphine P(C 2 IT 6 ) 3 
in et her, forming a red crystalline compound I > (( 1 ,If 5 ) 3 ,(\S 2 . 

When carbon disulphide vapour is passed over red-hot copper, carbon is 
deposited and copper sulphide formed : CS a -i 4(’u - (J t 2(’u a S. In tin's way 
the composition was first determined by Vauquelin. A mixture of the 
vapour with steam or hydrogen sulphide when passed over red-hot copper 
gives methane : 

CS 2 + 2H,() t <>( 'u — CHj + 2 ('u 2 S -f 2Cu(), 

(\S a + 2JKS i KCu - OH, +■ 4Cu 2 S. 

From methane, organic substances such as alcohol and acetic acid may 
he obtained, so that those reactions allow of their synthesis (Berthelot, 
IS 50 K). 

Carbon subsulpliide. C 3 S a , corresponding with (ho suboxide C 3 () 2 , was 
discovered by Lengyel (181)3). It is formed by striking an arc under 
carbon disulphide, the cathode being ot carbon, and the anode zinc, or 
antimony containing 7 per cent of carbon: 3rS a : 4Zn C 3 S 2 + 4ZnS. 
The liquid is distilled in ntc.uo and tin* vapour condensed at - 40 J . A 
yellowish-red solid is formed, m. pt. 0-5 It has the composition 0 3 S 2 , 
and the structural formula is probably S:< J:( ’:( similar to that of (\j0 2 . 
The vapour has an offensive odour, and produces a copious flow of tears. 
A bromide (bS 2 Br c , formed directly, lias a not unpleasant aromatic smell. 
Carbon monosulphide OS is said to be contained in a polymerised form in the 
brown powder formed when carbon disulphide is exposed to light, and 
gaseous carbon monosulphide and ozone arc formed in the slow combustion 
of carbon disulphide vapour. 

Thiocarbonyl chloride (*S( , I 2 is formed when a mixture of phosphorus 
pentachloride and carbon disulphide is heated in a sealed tube at 100° : 
l*('l 6 4 (\S 2 PS01 8 f rsri a . It is best prepared by first making thiocarbonyl 
perchloride CSrfi by passing dry chlorine into carbon disulphide containing 
a little iodine at 20 25‘ : 2(\S 8 \ 5t‘i, 2( \sri 4 1 S 2 CI 2 , hydrolysing the 

sulphur chloride with hot witter, arid reducing the t hiocarbonyl perchloride 
with tin and hydrochloric acid. It is a liquid, boiling at 73*5° with slight 
decomposition, has a very offensive odour, and is slowly hydrolysed by 
water. 
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Carbon sulphoselenide OS So, and sulphotelluride CSTe, are formed by striking 
an are under carbon disulj)hide between a graphite cathode and an anode 
of graphite and selenium, or tellurium, respectively. They are yellow and 
red liquids, respectively. 

Thiocarbonic acid.- -Carbon disulphide when shaken with a con- 
centrated sodium hydroxide solution slowly dissolves, forming sodium 
carbonate and sodium thioearbonate Na 2 ON :} , which may be regarded 
as the carbonate in which oxygen is replaced by sulphur (Berzelius, 

1 826) : 3CS 2 + GNaOH = 2Na 2 CK 3 h Na 2 CO. ( + 3H 2 0. 

With a solution of sodium sulphide reaction is more rapid, and sodium 
thioearbonate alone is formed : Na.,S -f- 0S 2 = Na 2 CS 3 . The pure salt is 
obtained by adding 0S 2 to an alcoholic solution of NaHS. On adding 
ether, ])inkish -yellow crystals, Na 2 CN.„H 2 0, of the thioearbonate 
sej>arate. A deep red solution and yellow crystals of ammonium thin- 
carbonate (NH 4 ) 2 CS 3 , are formed when carbon disulphide and concen- 
trated ammonia are allowed to stand together for a few days. 

Free thiocarbonic acid JHLOS a is obtained as a bright red liquid bv drop, 
ping crystals of (NH 4 )j ! ( 1 S 3 into a large excess of concentrate' hydrochloric 
acid. Ammonium perthiocarbonate (NJ1 4 ) 2 CS 4 is obtained ogetiior with 
the thioearbonate by refluxing (NFf 4 ) 2 S 5 solut ion with carl n disulphide ; 
prolonged action gives orango-\ ellow crystals of* (NH 4 ) 2 CS 3 , I ut incomplete 
action gives yellow crystals ol (NH 4 ) 2 OK 4 , which are washed v\ ith carbon 
disulpludo and ether. On adding this salt to 98 per cent formic acid, 
perthiocarbonic acid H 8 C*S 4 , not quite pure, is formed. With hydrochloric 
acid only 11 2 (.\S 3 and sulphur are formed. (Mills and Robinson, 1928). 

Thiocarbonates are used in destroying Phylloxera , a kind of aphid 
infesting vines. Carbon disulphide is a poison for this insect but is too 
volatile to use directly ; if the plants art* sprayed with a solution of 
sodium thioearbonate, this is slowly decomposed by atmospheric 
carbonic acid, with liberation of carbon disulphide. 

Thiocarbonates give a brown precipitate of CuCS, with copper salts ; ,i 
red precipitate of FbCS 3 with lead salts : and a yellow' precipitate of 
Ag 2 CS 3 with dilute silver nitrate. These rapidly become black from forma- 
tion of sulphides. Ferric salts give a red colour. 

If carbon disulphide is dissolved in alcoholic potash, potassium xanthate 
KS-(\SO( ! 2 H 6 is formed. It is decomposed by acids with liberation of 
carbon disulphide and alcohol ; this indicates that the ethyl radical is 
attached to oxygen and not to sulphur. 

Cyanogen, discovered by Gay-Lussac (1815), is evolved on heating 
the cyanides of silver, mercury, and gold, the most convenient being 
mercuric cyanide Hg(ON) 2 , which is heated to dull redness in a hard 
glass or steel tube : Hg(CN ) 2 =■ Hg h C 2 N 2 . A heavy brown non-volatile 
powder produced at the same times called paracyanogen, is probably a 
polymerised form of cyanogen (CN) n ; it decomposes slowly into cyano- 
gen at 800°. Cyanogen gas is evolved at a lower temperature if mercuric 
chloride is mixed with the cyanide : Hg(CN) 2 -f .HgClg-HggG^ 4- C 2 N 2 
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Heat a little mercuric cyanide in a hard glass tube fitted with a rubber 
gtopper and brass jet. Ignite the gas at tho jet ; it burns with a charac- 
teristic peach-blossom coloured flame. A r .B. — Cyanogen is very poisonous. 

An economical method of preparation of cyanogen (which is not pure, 
but contains some carbon dioxide and hydrocyanic acid) is to drop 
concentrated potassium cyanide solution into a warm solution of 2 
parts of crystallised copper sup hate in 4 parts of water. Cupric 
cyanide Cu(CN) 2 , first formed as a yellow precipitate, quickly de- 
composes into cyanogen gas and white cuprous cyanide : 

CuS0 4 + 2K< 'N -(ki(CN)o ■» K o S0 4 , 

2( !u(CN) 2 = 2( hiCN “f ( 2 N 2 . 

If the cuprous cyanide is warmed with ferric chloride solution, tlic rest 
of the cyanogen is evolved : 

2CuCN * 2Fc(\-2CuCl-f 2Fc(U, i C 2 N a . 

Cyanides arc formed by the action of nitrogen on carbides at high 
temperatures : if nitrogen is passed over barium carbide, or an intimate 
mixture of barium oxide and carbon, at a rod heat, barium cyanide is 
produced : BaO f 30 -f N 2 -- Ba(CN) 2 4 CO. Small amounts of cyanogen 
are present in blast -furnace gas. 

Cyanogen is a colourless gas, soluble in 4 vols. of water, and must be 
collected over mercury. It has a smell of bitter almonds and is very 
poisonous. When cooled it condenses to a colourless liquid, boiling at 
- 20*7 c , which freezes below - 35° to a white solid, melting at - 27-92°. 
The density of the gas shows that it has the formula C' 2 N 2 . It is an 
endothermic compound : 2F (graphite) -t N 2 -0 2 N 2 - 70 k. cal. 

Cyanogen is absorbed by potassium hydroxide solution to form 
potassium cyanide KCN and potassium cyanate KCNO : 

C 2 N 2 2K01I -K CN + KCNO -i H 2 0. 

With water at 0° the reaction C 2 N 2 - H 2 0 — HON + HCNO occurs. 
These reactions are like t hose with chlorine. Ail compounds ol cyanogen 
contain the univalent cyanogen group or radical ON, and the latter is 
sometimes written Cy, since it behaves to some degree as an element. 
In solutions of cyanides the cyanide ion ON' is formed : KCN — K‘ -f-CN'. 

A solution of cyanogen in water decomposes on standing, depositing a 
brown precipitate : the solution then contains ammonium oxalate, hydro- 
cyanic acid (HCN), urea, carbon dioxide, etc. 

A mixture of equal volumes of cyanogen and oxygen explodes on 
ignition or with an electric spark, even when carefully dried with phos- 
phorus pentoxide, forming carbon monoxide and nitrogen : C 2 N 2 + 0 2 = 
2CO + N 2 ; with double the volume of oxygen, the monoxide is burnt 
to carbon dioxide. In the last case, 1 vol. of cyanogen gives 2 vols. cf 
carbon dioxide (absorbed by alkali) and 1 vol. of nitrogen. This shows 
that l molecule of cyanogen contains two atoms of carbon and 1 
molecule or 2 atoms of nitrogen, and the formula is C 2 N 2 . 

The formula of cyanogen may be written as N :C-C : N, w hich agrees 
with its reduction to ethylenediamine, H 2 N-CH 2 *CH 2 -NH 2 . 
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Hydrocyanic acid.— When potassium cyanide is distilled with a 
mixture of equal volumes of sulphuric acid and water, the vapour of 
hydrocyanic acid HCN is evolved : * 

KCN -} H 2 S0 4 - KHN0 4 + HCN. 

(With cone? titrated sulphuric acid, carbon monoxide is formed in large 
quantities : HCN + 2H 2 0 = H -C00H + NH ;i - H 2 0 f- CO + NH ;t .) The 
gas is dried by a U-tube of calcium chloride and passed into a 
second U-tube cooled in ice. A colourless liquid, boiling at 25° and 
freezing at - 15°, collects. This is anhydrous hydrocyanic acid. The 
anhydrous acid is best made by passing pure hydrogen sulphide slowly 
over dry mercuric cyanide heated to 30 c in a long glass tube, and con- 
densing the liquid in a freezing mixture : Hg(CN) 2 + H 2 S — HgS + 2HCN. 
Hydrocyanic acid is formed when acetylene is sparked with nitrogen : 
C 2 H 2 + N 2 = 2HCN ; when a mixture of nitrogen, methane, and 
hydrogen is passed through a carbon arc : 2CH 4 + N 2 = 2HCN t 3H 2 . 
and, according to Scheele, when ammonia gas is passed over strongly 
heated charcoal. 

Hydrocyanic acid vapour burns with a purple flame in air, and a 
mixture with oxygen explodes when sparked: 4HCN fo() 2 = 2N 2 • 
400 2 + 2H 2 0. Its composition may be found in this way. 

Anhydrous hydrocyanic acid is a really dangerous poison ; its pre- 
paration should be undertaken only by an expert chemist. A dilute 
solution may be prepared by distilling potassium ferroovanide with 
dilute sulphuric* acid (1 acid +2 water) : 

2K 4 Fe(CN) 0 + 3H 2 S0 4 =K 2 FV'Fo(ON) 6 ] + 3K 2 S0 4 + OHON. 

The 2.1 per cent, solution is used as a constituent of remedies for 
bronchial catarrh, etc., and is called prussic acid. In this concentra- 
tion it is also very poisonous. 

The smell of bruised fruit kernels, laurel leaves and-moist bitter almonds 
is due to hydrocyanic* acid, and it is a curious fact that Scheele, the dis- 
coverer of hydrocyanic acid ( 1782), did not know of its poisonous properties : 
these were first suspected from its formation from the poisonous bitter 
almonds by distillation with water. Ammonia, or chlorine water, is used as 
ail antidote, although larger doses aro almost instantaneously fatal. The 
best antidote is said to be ferrous hydroxide, obtained by adding 1*5 gm. 
of sodium hydroxide in 300 ml. of wafer and 2 gin. of magnesia to 7-5 gm. 
of ferrous sulphate crystals in 300 ml. of water. 

Hydrocyanic acid is a very weak monobasic acid : its salts with 
alkali metals, the cyanides, are hydrolysed in solution, which has an 
alkaline reaction and a smell of peach -kernels owing to the presence of 
the free acid : ON' + H 2 0 ^ HON OH'. 

Although organic derivatives with structures R ? C : ** N £ or 
R — (cyanides), and R J N J J : 0 : or R — -N“^C (isocyanides) 
arc isomeric, the cyanide ion from the two corresponding acids is 
identical, [:N:::C:|\ 

Cyanogen Chloride. — If chlorine is passed into aqueous hydrocyanic acid 
cyanogen chloride CN-Cl is formed, and may be condensed in a freezing 
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mixture to a colourless mobile liquid, b. pt. 12*7° (Berthollet, 1787). The 
liquid if slightly acidified, rapidly polymerises <o white solid cyanuric 
chloride (ONCI) 3 . Cyanogen chloride reacts with alkalis forming a chloride 
and a eyanate : CN C 1 -\ 2KOH K(M i KCNO 4 IT 2 0. With ammonia it 
forms cyanamide CN-NH*. 

Cyanogen chloride is best prepared by acting on sodium cyanide, a little 
water, and carbon tetrachloride, with chlorine gas and distilling. It is used 
in place of hydrocyanic acid for fumigation, since it is a lachrymatory gas 
and is easily detected. 

Bromine reacts with hydrocyanic acid or potassium cyanide t»o form 
white crystalline cyanogen bromide CN Br ; iodine reacts with potassium 
cyanide to form white noodles of cyanogen iodide CN 1. The latter may 
occur as an impurity in crude iodine. All the halogen compounds of 
cyanogen are very poisonous. 

Tests for cyanides. (1) A solution of a cyanide gives with silver nitrate 
a white curdy precipitate of silver cyanide AgCN, soluble in boiling con- 
centrated nitric acid. (2) To the solution of the cyanide sodium hydroxide 
is added, and a few drops of a mixed solution of ferrous sulphate and ferric 
chloride : on warming a ferrocyanide is produced : («) FeK0 4 4 2 KCN - 

K 2 SG 4 -i- Fe(CN ) 2 ; (6) 4 KPN i Ke(( 1 N) 2 ^K 4 Fc(( , N) 6 . The dirty-brown 
precipitate is warmed with concentrated hydrochloric acid, which dissolves 
the ferric hydroxide present and leaves dark blue Prussian blue, formed by 
the action of tho ferrocyanide on the ferric salt. Jf only traces of cyanides 
are present, a blue or green coloration appears. This test will detect 1 part 
of HPN in 50,000 parts of water. (3) Tho solution is evaporated to dryness 
on a water-bath with yellow ammonium sulphide, when a thiocyanate, ('.< 7 . 
KENS, is formed: (NH 4 ) 2 S 2 |K('N - KONS -1 (NH 4 ) 2 S (volatile). The 
residue is dissolved in water and ferric chloride solution added : a blood- 
mi coloration of ferric, thiocyanate Fe(FNS). { is formed. 

Cyanates. — Fused potassium and sodium cyanides are powerful 
reducing agent «s* : metallic oxides art' converted into the metals and a 
eyanate is formed : KON -t PbO -KCNO f Pb. The eyanate may be 
extracted with water. When the solution is acidified, cyanic acid HCNO 
is formed but is almost completely decomposed with formation of 
ammonia and evolution of carbon dioxide : HCNO f H 2 0 «-= Nli. t -f C0 2 . 
Pure cyanic acid is a colourless liquid obtained by heating crystalline 
cyanuric acid (ONOH) ;i , obtained by distilling urea. 

Ammonium eyanate NH 4 (’N(), obtained 111 solution by mixing concen- 
trated solutions of potassium eyanate and ammonium chloride, is readily 
converted on heating into the isomeric urea : NIIyPNO - PO(NH 2 ) 2 . This 
reaction was discovered by Wohler m 1 S2S. Previously urea had been 
obtained by John Davy in 1811, from phosgene and ammonia, but lie was 
not aware of the nature of the products of the reaction. 


Flame 

A flame is a zone in which chemical reaction between gases is 
occurring, accompanied by the evolution of heat and light : briefly, it is 
composed of glowing gas (Van Helmont, 1648). Transparent gases such 
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as nitrogen or oxygen do not glow when heated in tubes to a high tem- 
perature, nor do burning solids emit flame unless a vapour is formed. 
Iron burns in oxygen without flame ; carbon burns in air at low tem- 
peratures without flame, but at high temperatures, when carbon 
monoxide is formed, this gas burns with a flame. 
A flame of pure hydrogen burning in dust-free, 
air does not emit a visible light. 

Flame is produced in chemical reactions only 
when much energy is liberated, although chemi- 
luminescence , which may be regarded as a cold 
flame, can occur at fairly low temperatures 
The glow of phosphorus is an example. If ether 
is dropped on a hot iron plate, so that ignition 
does not result, a greenish phosphorescent flam< 
is seen in a dark room. 



Fro. 327. — Experiment 
to demonstrate that a 
flame is hollow. 


Thirty ml. of 30 per cent hydrogen peroxide are 
added in a dark room to a mixture of 10 ml. of 10 
per cent pyrngallol solution. 20 ml. of saturated 
potassium carbonate solution, and 10 ml. of commercial formaldehyde. 
An orange-rod glow, accompanied by a vigorous reaction, is seen. Light 
of the wave-length emitted is found to accelerate the reaction, which 
involves the oxidation of the pyrogallol. 

Unless the combustible gas and the supporter of combustion arc 
mixed before kindling the flame, the latter is hollow and occupies only 
the surface of contact of the two gases. 

Depress a piece of new asbestos paper on a Bunsen flame : a dark ring is 
formed by the section of the flame. This may bo soon also if a piece of ordin- 
ary paper is quickly lowered on to the flame. 

Thrust a match -head quickly inside a Bunsen flame ; or support the 
match, head upwards, in the metal tube by a pin stuck through it, and then 
kindle the flame. The match -head does not ignite for some time. 

Stretch a piece of fine wire gauze over a funnel, and 
place a small heap of gunpowder in the centre of it 
(Fig. 327). Pass a rapid stream of coal gas through 
the funnel, and ignite the gas from above. The pow- 
der remains in the centre of the flame without ex- 
plosion. If the flame is slowly turned down, the 
gunpowder ignites. 

Insert one end of a glass tube into the middle of 
a Bunsen flame. Unburnt gas passes up the tube, 
and may be kindled at the upper end. 

The terms combustible and supporter of combus- 
tion are relative, and depend on which gas is 
inside and which outside the flame. 



Fro. 328. — Air burning 
in coal gas. 


A lamp chimney with a brass or tinplate top (Fig. 

328) is fitted with a cork and tubes as shown. Coal 
gas is passed in and kindled 'at the top. At the same time air is drawn in 
through the second tube, and if a lighted taper is passed through this tube 
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into the chimney, the air ignites and burns in the coal gas with a blue non- 
luminous flame. A taper passed down to the air-flame cannot be kindled, 
sineo it is surrounded by an atmosphere of coal gas, but a jet of air may 
be ignited. 

If* the supply of coal gas is reduced, the up por flame shrinks and becomes 
less luminous, whilst the lower llarno increases in size, since the oxygen has 
now less coal gas available, and the combustion extends over a larger space. 

Arrange a glass cylinder with two tubes as shown in Fig. 329. Pass coal 
gas through A , and kindle a large flame at the top. Push B to the upper 
part of this flame and pass in a slow stream of 
oxygen. Lower /?, when a flame of oxygen will 
be soon burning inside tho first flame, the 
oxygon reacting with the unburui gas in the 
centre of the hollow llaine. By lowering!? fur- 
ther the oxygen flame burns in the coal gas m 
the cylinder. 

An accurate aecomit of the structure of flame 
was given by Hooke {Lampas, J 077 ). He 
speaks of “ that transient shining body which 
we call flame” as “nothing but the parts of 
the oyl rarified and raised by beat into the form 
of a vapour or smouk, the free air that, encom- 
passeth this vapour keopeth it into a cylindrical 
form, and by its dissolving property preyeth 
upon those parts of it that are outwards . . . 
producing the light which we observe ; but* 
those parts which rise from tho wick which are 
in the middle are riot tiirn^l to shining flame 
till they rise towards the top of tho cone, 
where the free air can roach and so dissolve 
t hem. With tho help of a piece of glass [pressed — Oxygon burning 

upon tho llame | anyone will plainly perceive inside a coal gas flame, 
that all the middle of the cone of flame neither 

shines nor burns, hut only the outer superfices thereof that is contiguous 
to the free and unsatiated air.” 

This description refers to a candle or oil-lamp flame. The candle and 
lamp consist of a cotton wick, surrounded by combustible material. 
Tho liquid oil or melted wax rises in the wick by capillary attraction. 
The to}) of the wick becomes incandescent, and the fuel decomposes, the 
combustible gas formed burning with a flame. 

Attempt to kindle a piece* ofluvnp sugar by a taper : the sugar molts but 
will not take tiro. Now rub a corner of tho sugar with a small quantity of 
eigarotte ash : the sugar can then readily be lighted at that point and bums 
with a flame. 

The wick of the modern candle is plaited so that it bends over and is con- 
tinuously consumed in the outer part of tho flame. The wick presents the 
combustible material to the heated zone owing to its capillary structure, 
and it prevents too rapid conduction of heat from the heated point. 
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The structure of flame.— A hydrogen or carbon monoxide flame burning 
m air or oxygen consists (Fig. 330) of two cones, an inner A of un burnt 

gas and an outer B , in 
which the single chemi- 
cal reaction 2H„ -\ 0* - 
2H 2 0 or 200 + 0 2 -2C(X, 
occurs. Thu flame of am- 
monia in oxygen consists 
of three cones, an inner/! 
(Fig. 33 1 ) of un burnt gas. 
surmounted by a yellow 
cone B, in which decom- 
position of ammonia is 
t aking place : 2NH 3 = N 2 
4 3H 2 , and an outer pale 
greenish -yellow cone <\ 
in which the hydrogen burns. The nitrogen largely escapes combustion. 
A flame of hydrogen sulphide, cyanogen , or carbon disulphide vapour in 
oxygen or air is similar : with cyanogen the cone B is pink and corres- 
ponds with the reaction : C 2 N 2 + 0 a =2C0 +N 2 , whilst the cone C is 
greenish and represents complete combustion of the carbon monoxide. 

B : 2H 2 K + 0 2 ---2H 2 CN2S : 2CS 2 + U 2 -200 * 4N. 

C : S + 0 2 - S0 2 ; 2( JO + 48 -i f>0 2 - 4S0 2 -i 2C0 2 . 


Fio. 330.— Hydrogen or 
carbon monoxide flame 
(two cones). 


f ig. 331. — Carbon di- 
sulphide, cyanogen, or 
ammonia flame (three 
cones). 


Hydrocarbon flames contain four regions first defined by Berzelius 
(1822). The flame of a candle or of coal gas (Fig. 332) consists of (a) 

the dark inner cone of un- 



Fig. 332.— Structure of hydrocarbon flames. 


burnt gas or vapour; {!>) 
a yellowish-white brightly 
luminous region, occupy- 
ing most of the flame ; (/') 
a small bright blue region 
at the base of the flame ; 
(d) a faintly- visible outer 
mantle, completely sur- 



Flg. 333. — Small hydrocar- 
bon flame with continuous 
blue region c. 


rounding the flame. If the supply of gas is reduced, the flame shrinks, 
the luminous area b gradually disappearing, w hilst the region c becomes 
continuous and constitutes an inner cone (Fig. 333). The regions a 
and d remain. 

The l umin osity of flame. — Why are the candle, coal gas and ethylene 
flames luminous, those of hydrogen and carbon monoxide nonduminous : 
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There are two principal theories to account for the luminosity of 
flame : 

(1) Davy’s theory (1816) : luminosity is due to particles of solid carbon , 
produced by thermal decomposition of the combustible, and heated to 
incandescence in the flame. 

(2) Frankland’s theory (1861) : luminosity is due to incandescent vapours 
of dense hydrocarbons. 

Davy's researches on flame. — Sir Humphry Davy in 1815 was led to 
the study of flame by an investigation of the causes and prevention of 
fire-damp explosions in coal mines, which were 
prevalent when open candle flames were used. 

These are caused by the ignition of mixtures of 
methane (fire-damp) and air (or, as we now know, 
sometimes by the kindling of a mixture of very 
fine coal-dust with air). Davy soon found that 
when a flame is cooled it is extinguished, and he 
recognised that combustible gases have different 
ignition points. 

Lower a close spiral of thick copper w ire over a J TG ‘ 
small night-light flame : the flame is extinguished. 1 * 

(i) Depress a piece of line wire gauze over a Bunsen flame. This does not 
pass through, owing to cooling by conduction of heat through the metal, 
and a red-hot ring is seen with a dark centre corresponding with unbumt 
gas in the centre of the flame. This gas is passing through the gauze, as may 
be seen by lighting it with a taper. If the gauze remains on the flame, 
the temperature of the metal rises to the ignition point of the gas, which 
ignites and burns above the gauze. 

(ii) If a piece of gauze, turned up at the edges, is held over an unlighted 
Bunsen burner, the gas passing through may be kindled above the gauze, 
but the flame does not pass through. On raising the gauze, the flame flickers 

and finally goes out (Fig. 334). This 
flame, in which air is mixed with gas 
before combustion, is blue and non- 
luminous. 

These experiments led Davy to the 
invention of the sa fety -lamp, which con- 
sists of an oil lamp having a closed 
cylinder of wire gauze as a chimney 
(Fig. 335). In its improved form it 
has a strong glass cylinder below the 
gauze. Fire-damp will penetrate in- 
side the gauze and bum, but the flame 
is not propagated outside because the 
heat is conducted away by the gauze. 
The gauze may become red-hot, but as 
the ignition temperature of methane is high, the flame does not pass 
through. A draught of air blowing on the lamp may cause the gauze 


Wire Gauze 



Fig. 335. — Davy’s safety lamp. 
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to become so hot as to ignite the fire-damp, and the flame inside may 
be blown through the gauze by a blast of air faster than 8 ft, per see,, 
such as is formed on firing a shot. With only a small amount of fire- 
damp in the air, a flame appears over the flame of the lamp, and from 
the size of thi aflame -cap, the amount of combustible gas in the air may 
be judged. 


Lower a lighted Davy lamp into a large beaker into which Homo ether has 
boon poured. The interior of the lamp is filled with flame and it is extin 
guished, but the ether vapour in the beaker is not ignited. 

Davy supposed that the luminosity of a hydrocarbon flame is due 
to the “ decomposition of a part of the gas towards the interior of the 
flame, where the air was in smallest quantity, and the deposition of 
solid charcoal, which first by its ignition, and afterwards by its com- 
bustion, increases to a high degree the intensity of the light.” The 
non-luminositv of the flame in the second part of the experiment on 
page (>45 was due, according to Davy, to the carbon particles burning 
as fast as produced in the oxygen sup] died. 

Flames known to contain solid particles, such as those of zinc, mag- 
nesium and potassium burning in oxygen, are very luminous, and the 
presence of solid particles of carbon in luminous hydrocarbon flames is 
proved by the fact, observed by Soret (1874), that a beam of sunlight 
reflected by such a flame is polarised (sec 
p. 4). The presence of carbon particles is 
also made probable by the following experi- 
ments : 

Hold a cold piece of pipeclay tube in a candle 
flame. Carbon is deposited on the lower part 
only, not on the top. 

Clouds of soot evolved from burning cam- 
phor, if admitted to the lower part of a Bunsen 
flame through one air-hole by means of a funnel 
tube (Fig. 336), render the flame luminous. 

Faraday’s experiment. — Faraday accepted 
Davy’s views, but instead of supposing that 
lie. 336.- -Bunsen flame the ( . ar bon particle** are formed by the de- 
from burning camphor. composition of the gas by heat, he thought 
they were produced by the preferential 
combustion of hydrogen in the hydrocarbon, with separation of 
unburnt carbon which burnt subsequently: 0 2 H 4 + 0 2 2H a O 4 20 , 
2C 20 2 = 2C0 2 . Hydrogen was supposed to have a greater affinity 
for oxygen than has carbon. But Dalton had already shown (p. 607) 
that if methane or ethylene is exploded with a deficiency of oxygen, 
all the carbon is burnt to carbon monoxide whilst the whole or part of 
the hydrogen is set free : C 2 H 4 4 0 2 = 200 + 2H 2 . 

The structure of a candle flame is shown by an experiment due to Farn 
day. A bent glass siphon is lowered into the flame (Fig. 337). With tin* 
tube just above the wick, dense white vapours pass into the flask : these 
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are formed by the vaporisation of wax on the wick. On raising the tube 
into the bright part of the flame, black vapours pass over, containing 
particles of carbon. On raising the tube 
still further, steam and carbon dioxide puss 
along the siphon. 

Frankland’s theory. — Sir Edward 
Frankland in 1861 noticed that the* flame 
of a candle burning on the summit of 
Mont Blanc gives a feebler light than in 
the valley at Chamonix, although the 
rate of combustion was the same in both 
cases. In further experiments he found 
that a candle flame burning under a 
partially exhausted receiver is less lumi- 
nous than in free air. This had been 
noticed by Boyle. An alcohol flame burning in air at 4 atm. pressure 
is luminous. A mixture of hydrogen and oxygen exploded in a 
eudiometer burns with a bright flash, and hydrogen burns in oxygen 
under 20 atm. pressure with a luminous flame. The luminosity of the 
electric spark in gases increases with the density of the gas. Luminous 
flames are known in which solid particles cannot be present, e.g. flames 
of phosphorus and arsenic in oxygen, and of sodium in chlorine. 
Frankland suggested that the luminosity of hydrocarbon flames is 
due to the presence of dense gaseous hydrocarbons , which become incan- 
descent. The presence of solid carbon particles in flames has, however, 
boon proved. 

Lewes’s theory. — By uspimt ing and analysing the gas from different parts 
of the flame, V. B. Lewes m 1892 found that the unsaturated hydrocarbons 
(ethylene and acetylene) disappear only slowly in the dark portion, but 
rapidly in the luminous zone. The proportion of acetylene increases 
rapidly up the dark zone, attaining 70 per cent of the unsaturatod hydro- 
carbons at the apex of the dark cone, although only 1*41 per cent of these 
hydrocarbons wore present. Lewes assumed that hydrocarbons are decom- 
posed by heat, with the intermediate formation of acetylene: 2CH 4 = 
C 2 H j. -f 3H* - 2('-f 4H 2 . Free hydrogen has been detected m the luminous 
zone. The carbon is separated as a fine powder, and the heat of decompo- 
sition of the endothermic acetylene assists in raising the temperature. 

The Bunsen flame. — If coal gas is mixed with enough air before 
combustion, as in the familiar Bunsen burner, it burns with a non- 
iuminous flame. This has two cones : (1) a pale blue inner cone, which 
becomes green and smaller when a larger supply ot air is admitted 
and the flame “ roars ” (as in the Teelu burner) ; (2) a pale blue outer 
cone, which remains constant in size. The reactions in the inner cone 
are different from the thermal decompositions taking place in a 
luminous flame, since partial oxidation now occurs with formation of 
carbon monoxide and hydrogen, which burn in the outer cone. 

The reaction in the bright blue part of a luminous flame (Fig. 333) 
appears to be the same as that in the inner cone of a Bunsen flame ; in 



648 INORGANIC CHEMISTRY '$cha£' 

the outer, faintly visible, cone complete combustion of hydrogen and 
carbon monoxide occurs, os in the outer cone of the Bunsen flame. 

The effect of previous admixture of air on the flame may be studied 
with the apparatus shown in Fig, 338. Undiluted carbon monoxide 



burns above with a hollow cone of blue flame (a), typical of what Smithells 
calls a volume flame. If a little air is admitted the cone becomes shorter, and 
its inner lining bright blue (6). With continued addition of air, a mixture 
is finally produced through which a flame would be propagated without 
external air, but the flame is kept on the top of the tube by the speed of the 
gas current (c). More air causes the speed of propagation of flame through 
the mixture to exceed the speed of the gas current, and at this point the 
inner cone separates from the outer cone in the flame, and passes down the 
tube (rl). With more air, the outer cone vanishes, 
and all the gas now bums in the inner cone (e). 
Now the rate of propagation of flamo has been 
diminished by the excess of air added, and the lower 
flame is a double cone, as in the first caso. When 
the rate of inflammation has boon reduced below 
the rate of flow of gas, the flame again rises to the 
top of the tube (/), and burns as a single cone with 
a considerable unburnt inner space, typical of a 
surface flame. 

The separation of the two cones of a Bunsen flame 
is conveniently made by Smithells ’s flame-cone separator 
(1892). This consists (Fig. 339) of one glass tube 
sliding inside a wider tube, the tubes having metal 
tops. A mixturo of air and coal gas from a Bunsen 
burner is passed into the central tube. If the 
quantity of air is increased, the Bunsen flame at 
the top separates into two cones, ono of which re- 
mains on the outer tube and the other, the inner cone 
of the complete flame, passes down and bums on the 
top of the narrower tube. By raising the latter, 
Fia. 339. Smithells h t he | nnor cone ma y joined to the outer one, and 
ame cone separa or. com pl e te flame raised outside on the inner tube. 

The gas from the space between the two cones was found to consist 
of nitrogen, carbon monoxide, carbon dioxide, steam and hydrogen. 
The composition of the mixture was the same if pure methane was used t. 
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and the reaction in the inner cone of the Bunsen flame leads to incom-' 
plot© burning of the hydrocarbon with formation of carbon monoxide 
and hydrogen, and with excess of oxygen (when some carbon dioxide 
is formed) an equilibrium CO + H 2 0 ^ 00 2 H 2 is set up, known as the 
water-gas equilibrium . The law of mass-action: 

[C O] X [ H 2 Q] 

[C0 2 ] x [H 2 ] 

was shown to hold for the water-gas equilibrium by Horstinann 
(1877-79), and by Dixon (1884) ; Smithells and later Haber found 
that it holds for the interconal gases of a flame, and the constant K has 
the value corresponding with the temperature of the flame. 

The temperatures of flames have been determined in various ways (e.g. 
by platinum and platinum-rhodium thermocouples), and the following 
values found (Eery, 1904, etc.) : 


Bunson, fully aerated 

- 1871° 

Hydrogen, free flame - 1900° 

„ insufficient air 

- 1812° 

Oxy -coal -gas blowpipe - 2200° 

„ acetylene - 

- 2548° 

Oxy-hydrogen blowpipe - 2420° 

„ alcohol 

- 1826° 

Oxy-acetylene explosion 

Alcohol flame 

- 1705° 

3000°-4000° 


The non-luminosity of the Bunsen flame has been explained as due to : 

(1) Oxidation : Davy’s theory, already considered. That this is only a 
partial explanation follows from the experiments described below. 

(2) Dilution : Blochmann found that not only oxygen but also inert 
gases such as nitrogen, carbon dioxide, or even steam, will render the 
flame of coal gas non-luminous in the Bunsen burner. 

Stop up one air-hole at tlio base of the burner, and connect the other with 
an apparatus for generating carbon dioxide. Light the coal gas, and gradu- 
ally admit carbon dioxide : the flame bocomes blue and non-luminous, but 
consists of only one cone instead of two, as in the ordinary Bunson flame. 

Lewes states that 1 volume of ordinary coal gas requires the follow- 
ing volumes of other gases to render it non-luminous : C0 2 , 1*26 ; 
N„ 2*30 ; CO, Ml ; H 2 , 12-4 ; air, 2*27 : 0 2 , 0*5. That the effect 
cannot be due entirely to cooling is evident from the effect of carbon 
monoxide, which gives a hotter flame than coal gas. 

(3) Cooling : Wibel shoved that cooling a flame causes loss of lumin- 
osity. 

Bring a cold sand-bath in contact with the flame of coal gas burning at a 
fishtail burner. The flame loses its luminosity. No soot is deposited. 

Suspend a platinum crucible m a Bunson flame which has been rendered 
just luminous by adjusting the air-holes wiien the crucible is red hot. Now 
pour cold water into the crucible ; the flame loses its luminosity. 

If a silica tube is litted f o the top of a Bunsen burner, the flame lighted at 
the top becomes slightly luminous when the tube is heated to redness by a 
blowpipe flame. This is not due to chemical change in the gas caused by 
heating, since Thorpe showed by experiment that this does not occur. 
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The principle of the stability of the Bunsen flame, viz. that the comb us* 
tible mixture of gas and air is passed up the tube more rapidly than the 
flame is propagated down through the mixture, may 
be illustrated by fitting a long wide glass tube over 
a large Bunsen burner, and lighting the flame at the 
top (Fig. 340). On increasing the air supply to the 
burner, the flame strikes back down the tube. 

If the air supply is slowly increased, the inner cone 
of the flame passes down separately, and may be 
arrested halfway down the tube by a ring of copper 
wire hung inside, as si 1 own. This prevents the pro* 
pagation of the flame by cooling the gas below the 
ignition temperature. 

The detonation wave .—By measuring the speed 
of the mixture of gas and air or oxygen necessary to 
prevent the downward propagation of a flame in 
the apparatus described in the above experiment, 
Fig 340 Se >ar ^ unsen (L8(>7) found that the velocity of propaga- 
ation of cones >a <>f ^ on °f ^ arn( ' U] a mixture of hydrogen and oxygen 
Bunsen flame. was 34 metres per see. and much less with other com- 

bustible mixtures. Later experiments by Berthelot, 
Mallard and Le Ch atelier, ami Dixon showed that if the explosive mix- 
ture is kindled at one end of a long tube, the flame at first traverses a 
short length of the tube with a velocity comparable with Bunsen’s figure, 
then rapidly increases in speed to a maximum, after which it flashes 
through the gas with a constant vek/city very much higher than the 
initial velocity of the flame. This flame, travelling with a high constant 
speed, is called a detonation wave. The velocities of the detonation waves 
in various mixtures, determined by Dixon, arc given below in m. per see. 

8H 2 p O a - 3535 C 2 N 2 4 0 2 

2H 2 t () 2 - - 2821 H , \ Cl 2 

H 2 I 30 2 - - 1712 

In many cases the velocity of the detonation 
wave is approximately twice that of the propagation 
of sound through the burnt gas heated to the tem- 
perature of combiivStion under the conditions of 
experiment. 

The increased violence of the combustion and the 
great speed of the flame in the detonation wave may 
be shown by the following experiments. 

Fill two tubes with nitric oxide over water, one a 
large test-tube and the other a strong tube 2 in. wide 
and 5 ft. Jong, closed at the ends with rubber bungs. 

.Drain any water from the tubes, pour some carbon 
disulphide into each, and shake. Take out the 
stoppers, and kindle the gases with a taper. The Tr , 

mixture in each burns w’lth a beautiful blue flame. detonation wave. 

That in the test-tube burns quietly, but the flame 
in the long tube runs down noiselessly until it approaches the middle, 


2728 

1729 
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and then flashes down quickly, with a peculiar howling noise. 'In the" 
long tube the detonation wave just begins. A protecting glass screen 
should be placed before the lower part of the tube. 

A coil of load piping, 30 ft. long and .[ in. diameter, is fitted at each end 
with the ordinary brass coupling sockets used for gas connections. To one 
of these is attached by a rubber washer a thin glass test-tube, and to the 
other, by Faraday’s cement, a strong glass tube with firing wires sealed 
through the glass und a stopcock above (Fig. 341). The coil is filled with a 
mixture 2LO ) 0 2 , containing a little hydrogen, the test-tube fixed in place, 
and covered with a wire gauze cylinder. On passing a spark, the test-tube 
is shattered at the same instant as the flash is soon in the firing tube. The 
mixture 2CO-) O, burns in a l est-tulie without explosion. 
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BORON AND SILICON 

Although boron and silicon belong to two different groups in the 
Periodic Table, they are very similar in many ways and are con- 
veniently studied together. 

Boron. 

The salt borax Na 2 B 4 0 7 ,lOH 2 () has been known from early times ; 
it was brought from Tibet, called tincal, and was used as a flux in 
metallurgy. In 1702 Homberg obtained a crystalline substance ml 
sedatimm by distilling green vitriol with borax. Baron (1747) showed 
that it is an acid, giving borax with soda. It was called borncic acid or 
boric acid . Lavoisier suggested that it consists of oxygen united with 
an unknown radical, later called boron. Davy (1807) first obtained 
boron as an olive -brown powder by electrolysing moist boric acid, and 
in 1808 by heating fused boric acid (i.e. boron trioxide B 2 0 3 ) with 
potassium. The preparation by the second method was repeated by 
Gay-Lussac and Thenard (1808), who described the properties of the 
element. 

Borax.— Most of the borax of commerce is prepared from the natural 
borax of Searles Lake, California, and some is made by crystallising 
the mineral kervitc , Na 2 B 4 0 7 ,4H 2 0. It was formerly made from the 
minerals coleminite , Ca 2 B 6 0 n ,5H 2 0, and boracite , MgOl 2 ,2Mg 3 B 8 () 15 at 
Stassfurt, and boronatrocalcite 9 CaB 4 0 7 ,NaB0 2 ,8H 2 0, in Chile. 

Powdered colemanite was boiled with sodium carbonate solution and 
the filtered solution allowed to crystallise : 

Ca 2 B 6 O u + 2Na 2 C0 3 - Na 2 B 4 0 7 + 2NaB0 2 + 2CaC0 3 . 

Borax forms two important hydrates : octahedral borax Na 2 B 4 0 7 ,5H 2 0 
obtained by crystallisation from a hot solution, above 00°, and common 
monoclinic borax Na2B 4 () 7 ,l()H 2 0 crystallising below 00°. The crystals 
and powder swell on heating, forming anhydrous borax which melts at 
561°, and on cooling forms a transparent glass. Borax is slightly 
hydrolysed in solution, and since boric acid H 3 B0 3 is very weak, the 
solution is alkaline: Na 2 B 4 0 7 + 3H 2 0F-2NaB0 2 -t-2H 3 B0 3 (in con- 
centrated solutions); NaB0 2 + 2H 2 0 ^ NaOH 4 H.,b 6 3 (in dilule 
solutions). Borax is used in laundering to impart a gloss to linen in 
ironing, in preparing glazes, as a flux in soldering, in making optical 
and hard glass, and (on account of the properties of boric acid) as an 
antiseptic. Fused borax dissolves metallic oxides, often producing 
characteristic colours (borax-bead reaction a : CuO blue, Cu 2 0 red 
Cr 2 0 3 green, MnO a violet, CoO deep blue, NiO yellowish-brown, 
FeO green, Fe 2 0 3 , brown). 

m 
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Boric acid. — Boric acid is made from borax by adding hydrochloric 
or sulphuric acid to a hot concentrated solution, and it crystallises on 
cooling: Na 2 B 4 0 7 +2HC1 4 5H 2 0 2Na01 4 - 4H.,B0 3 . It is sparingly 
soluble in cold water, more readily in hot water : Hk> gm. at 0°, 2* 92 
gm. at 12°, and 10*82 gin. at 80", in 100 gm. of water. It is less soluble 
in solutions of acids. 

To a hot saturated .solution of borax add concentrated hydrochloric 
acid till the solution is strongly acid to litmus. On cooling, scaly six-sided 
crystals of boric acid (Fig. 342) separate. Wash the 
crystals with cold water and recrystal I ise from hot 
water. 

In the volcanic regions of Tuscany, jets of steam 
called sojfiovi escape from the ground. These 
contain steam, carbon dioxide, hydrogen sulphide, 
nitrogen, ammonia, and traces of boric acid, which 
is volatile in steam. The hone acid may have been 
produced by the action of superheated water on 
boron nitride: BN 4-3H 2 () — H 3 B0 3 f NH 3 , or on tourmaline, which 
contains 3 -4 per cent of B,0 ; . and is found in situ. In the recovery of 
the boric acid, t he steam is condensed and the liquid is concentrated by 
the heat of the steam. The crystals of boric acid separating on cooling 
are recrystallised and dried. 

Ordinary boric acid, or orthoboric acid H. t B0 3 , forms soft, silky, pearly- 
white triclinic crystals with a greasy feel. At 100° these lose water 
and form metabonc acid HBO,. At 140° pyroboric acid II 2 B 4 0 7 is said 
to be formed ; at a high temperature all the water is lost and boron 
trioxide B 2 0 3 is formed. This softens to a hygroscopic glass at a 
red heat : 

4 H 3 B0 3 - 4 H BO, 4 4 H ,0 - H , B 4 0 7 4- f>H 2 0 = 2 B a 0 3 4 OH 2 0. 

Orthoborates arc 1 infrequent : magnesium borate Mg 3 (B0 3 ) 2 and ethyl 
borate B(00 2 H A ) 3 , are best known. Metaborates are the most stable, and 
pyrobo rates are also stable. Borax or sodium pyroborate (or diborate . 
Na 2 0,2B 2 0 ;} ) Na,B 4 0 7 , is formed by adding a solution of sodium 
hydroxide or carbonate to boric acid. Metallic borates, usually meta- 
borates, are precipitated by a solution of borax from the metal salts 
dissolved in water: Na 2 B 4 () 7 I Bal'l, 4 - 3H,0 — Ba( B0 2 ) 2 4 - 2H 3 B0 3 4 * 
2NaCl. Met a borates are formed in the borax-bead reactions : Na 2 B 4 Ck 
+ Out) -- 0u( B0 2 ) 3 4 2Na BO,. 

Boron trioxide shows feebly basic as well as acidic properties. Boric 
acid combines with sulphur trioxide, forming boron hydrogen sulphate 
B(HS0 4 ) 3 , and with phosphoric acid forming boron phosphate BP0 4 , 
insoluble in water and dilute acids but soluble in alkalis. In this 
respect boron resembles aluminium. 

Boric acid is very weak. It turns litmus a wine-red colour, but has 
no action on methyl-orange. It is weaken than carbonic aeid, or even 
hydrogen sulphide. The fractions ionised in deeinorinal solutions at 
18° are : carbonic aeid (H-HOO.,), ; hydrogen sulphide (H ITS), 

04)007 ; boric acid (H*H 2 B0 3 ), 0-0001. 



Fia. 342. — Crystal 
of bone ueid. 
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Boric acid ionises as a monobasic acid and may be titrated with 
sodium hydroxide after addition of a large amount of glycerol, with 
phenolphthaloin as indicator: H 3 B0 3 -fNaOH — NaBO s + 2H a 0. 
Since t he acid has no action on methyl -orange, a solution of borax may 
be t it rated with t his indicator as if it were a solution of sodium hydroxide: 
Na 2 B 4 0 7 -t 2HCI + f>H 2 0 = 2Na(1 h JH 3 B0 3 . 

Boron - The element boron may he obtained by heating boron tri- 
oxide w ith potassium or sodium : B 2 0 3 + (>K - 2B 4 3K 2 0, or potassium 
fluoborate with potassium : KBF 4 t 3K --4KF -t B. The simplest pro- 
cess is to heat boron trioxide with magnesium: B 2 0 a -i 3Mg ~2B + 
3Mg(). The chest nut-brown powder left on boiling the mass with dilute 
hydrochloric acid may be purified by treatment with hydrofluoric acid 
and fusion with B 2 0 3 in a stream of hydrogen (Moissan, 1895). 

Heat about 12 gm. of a mixture of 5 gm. of magnesium powder with 15 
gin. of powdered boron trioxide in a covered silica crucible. When the 
violent reaction occurs, cool, and place the crucible in a beaker containing 
diluted hydrochloric acid (1 : 2). Filter and w ash. Dry the boron in a steam 
oven. Dry potassium tluoborate may be used instead of boron trioxide. 

Amorphous fcoron so prepared is a brown pmvder, density 2*45 ; it is 
unaltered in air at ordinary temperature lint smoulders at about 
700°, forming the trioxide and some boron nitride BN. These form a 
superficial coating over tin* boron and prevent complete reaction. 
Boron displaces carbon and silicon from their oxides on heating : 
3Ki0 2 f 4B =2IU). t , 3Si. 

Moissun's boron, prepared as abo\e, always contains oxygen and is said 
to bo a solid solution of a boron subosidc B 4 () 3 or B 3 0 in boron. Weintraub 
(1909) states that pure boron is insoluble in to per cent nitric acid, which 
dissolves a considerable amount of Moissan 's boron, leaving a residue of 
pure boron. Pure boron is obtained by striking an alternating current arc 
in a mixture of hydrogen and boron trichloride vapour between wator- 
cooled copper electrodes in a glass globe. The boron powder collecting on 
the electrodes fuses to globules, which drop olt (Pring and Fielding, 1909). 
As so prepared, boron forms a black, very bard solid with a conchoidal 
fracture, melting at 2300% but volatilising appreciably at 1(>00\ It may 
bo strongly boa tod in air without oxidat ion, and is only very slowly attacked 
by concentrated nitric acid. It thus differs m properties from Moissan ’a 
boron. Crystals (plates and needles) of pure boron are deposited on a 
tantalum wire strongly heated in a mixture of hydrogen and boron tri- 
bromide vapour (Laubengayer, 1942). 

Crystalline boron was obtained by Devillc and Wohler (1S57) by fusing 
boron with aluminium at 1 500”. On cooling, crystals form oil the surface 
of the aluminium. The metal may he dissolved in hydrochloric acid, 
leaving crystals of adamantine boron some clear and colourless, others 
brown, having the crystalline form of diamond, and very bard and resistant 
to heat or acids, but dissolving in fused alkalis. The crystals contain 
about 4 per cent of carbon and up to 7 per cent of aluminium, and are 
usually regarded as a definite compound, A1B JS , or B 48 (kAl ;l . Graphite-like 
laminae of A1B* are also formed. 
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Boron hydrides. — Equal weights of B 2 0 3 and magnesium powder on 
heating form magnesium boride, which with acids evolves a gas with a 
peculiar smell, which burns with a green-edged flame (F. Jones, 1879). 
Ramsay and Hatfield (1901) showed that the gas contains several 
hydrides of boron, condensed by liquid air. 

The simplest hydride of boron is the expected compound BH 3 

being unknown. Since B 2 H tt (diboranv) is decomposed by water, it is not 
present in the gas from magnesium boride and aeid. It is most easily 
prepared by the act ion of an electric discharge on a mixture of hydrogen 
and the vapour of boron trichloride BOL or boron tribromide BBr 2 at 
low pressure : 2B(T } t 5H 2 - B 2 H 5 C1 + 5HC1 . 0B 2 H 5 OI =5B 2 H 6 -t 2BCl a . 
With BBr :t , the hydrogen bromide formed (less volatile) (‘an be sepa- 
rated by fractionation. Diborane is fairly stable in the absence of air, 
moisture and grease, but slowly decomposes at room temperature* to 
form IkH , , and some H 10 H U , and is rapidly decomposed by water : 
B 2 H 6 -!- tiH a O — 2H a B0 3 4 bll 2 . 

The liquid condensed out of the gas from magnesium boride and hydro- 
chloric acid by cooling m liquid «nr is a mixture' ‘>1’ the hydrides B 4 H 10 , 
B 5 H 9 , and B e ll, 0 , separable by fractional distillation, B 4 H 10 being most 
volatile. At ordinary temperature, these arc colourless liquids. Even pure 
B 4 H I0 rapidly decomposes at ordinary temperature into h\drogen, diborane 
Ii a H 8 , and less volatile hydrides. On heating H 4 1 1 10 in a sealed tube at 
100', B 2 H tt , Br,H 0 and B fi l I M , are termed. On beating B.,ll 6 , several solid 
hydrides are funned. One of these, B 10 U| 4 , is volatile ni mcuo, and soluble 
in alcoJiol, ether, or benzene. The properties and sources of the boron 
hydrides [bora urn) are summarised below . 

Bnlh B 4 H i 9 B-Jlg B 5 H,, B I 0 H 14 

m.pt.- - 165-5 3 20 46*6 120" - 65*1 -t 00*7" 

b.pt. - - - 02*5 -r IS' 0 /(JO mm. 0 ,57 mm. O’/? mm. 21 

(gas) •<. (liquids) -->(solid) 

Stability \ » 1 - - 1 

Source* - B 4 H 10 B 4 tl 10 BJ1, ^ B 2 H« 

By the action of B g H A or B 4 H, 0 on alkali hydroxide solutions, unstable 
hypoborates are formed, which evolve hydrogen when acidified : 

p B 4 H 10 < 4KOI1 - 4KOBH, I H a 

1kOB 1I 3 4 2HCI * 4Ff,() 2H a BOj-J- 2 KOI ; f>H 2 . 

By the action of dry hydrogen chloride on B 3 H 6 or U 4 I1 10 in presence of 
aluminium chloride, substitution products are formed : / 

B 2 H fi f HC1 B 8 H 5 n + H„. 

The action of halogens is violent. With HBr and HI eorresj lending 
bromine and iodine compounds are formed. 

The boranos show some acidic character m reacting with alkali metals and 
with anhydrous ammonia. B>H 8 reacts with sodium amalgam to form 
[B,H 6 ]Na 2 , and B 4 H, 0 with sodium to form | B 4 H l0 jNa v With ammonia the 
compounds B 2 H 8 ,2NH 3 , B 4 H 10 .4NJ1., and B I0 H I4 ,6NH 4 are formed ; I3 5 H a 
reacts 83 follows; J3 6 Hjj + 4NI1 3 B ft H g ,4NH 3 d lh. B b 1I 6) 2NH 3 is an 
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electrolyte in liquid ammonia and has been formulated as an ammonium 
salt [B 8 H 4 ](NH 4 ) 2 . 

On heating B 2 H 6 ,2NH 3 or B 4 H 10 ,4NH 3 , hydrogen is evolved and triborine 
triamine, B s N 3 II fl , is formed : the molecule is a flat hexagonal ring of alter- 
nate ~~BH — and — NH-- groups. By the action of dry HC1 the three 
— BH — groups form — BC1 — . 

By the action of excess of CO on B 2 H 6 under pressure borine carbonyl 
BHjjCO is formed : B JT fl -t 2CO ^ 2BH 3 CO, which reacts with ammonia to 
form the stable BTI 3 00(NH 3 ) 2 . 

The structure of the boranes is a difficult problem, as they show anomalous 
valencies. In B 2 H 6 the two boron atoms have 6 electrons, and w ith 6 from 
the six hydrogens there are only 12 to form seven bonds, leaving two 
electrons short. It has boon suggested that two or more single electron 
bonds arc formed, c.g. as in (IT) below, but- these would confer paramagnet- 
ism, w'hich is not found. This has been got over by assuming resonance. 
Bauer (1937-8) found from electron diffraction that the bonds B — Hand 
B — B are longer than ordinary single covalencios, which indicates some 
single electron bond or no-electron bond character, so that there may be 
resonance among arrangements such as : 

II II B H H H 

(I) H B:B:H (II) II • B : B • H (III) II • B • B : H 

H H H H H R 

Wiberg (193(5) stressed the feebly acidic properties of the boranes 
and regarded thorn as unsaturated poly basic acids, e.g. | B 2 lf 4 JH 2 or 
-f — ~ + 

HH 2 B~BH 2 H similar to ethylene, etc. In his formulae each boron is 
surrounded by 8 electrons. The acidic character arises because tho B 2 H 4 
radical, although not electro valent, can accept protons, anil the two protons 
are inside the electron shell of the B 2 H 4 . 

Structure (TV) with hydrogen bonds, originally proposed by Dilthey 
(1921) 

H Jis /FT H\ - h+ - 

(IV) >B< >13/ (V) 

\V V H' X H H + MI 

and extended by Longuet-Higgins and Bell (1943-6) to otjier hydrides, 
is in agreement with physical evidence and resonance theory. Pitzer 
(1945) regarded tlie bond betwoon tho tw'o boron atoms as a “ protonated 
double bond ”, composed of a normal covalent double bond with two pro- 
tons embedded in the electron cloud, the boron atoms having negative 
charges (V ; op. Wiberg’s formula). 

Halogen compounds of boron. — The following halogen compounds 
of boron are known : 

BF S : colourless gas, condensing to colourless, mobile liquid, m. pt. 

- 127°, b. pt. -101°. 

B 2 C1 4 : colourless liquid, b. pt. 0°/40 mm. 

BC1 3 : colourless mobile liquid, m. pt. - 107°, b. pt. 12-5°, density B43I 
at 0°, 


it 
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BBr a : colourless viscous liquid, m. pt. -46°, b. pt. 90*l°/740 mm., 
density 2*050 at 0°. 

BI S : white leafy crystals, m. pt. 43°, b. pt. 210°. 

Boron trifluoride BF 3 is formed by the spontaneous combustion of 
boron in fluorine. It is prepared by heating a mixture of fluorspar (or 
potassium fluoborate), boron trioxide, and concentrated sulphuric acid . 

B 2 0 3 f 3CaF 8 + 3fI 2 S0 4 - 2B F 3 + 3Ca80 4 + 311 2 0, 
or by heating a mixture of boron trioxide and potassium fluoborate at 
518°. The gas is collected over mercury. Jt fumes strongly in moist 
air, and when passed into water gives a precipitate* of boric acid, which 
redissolves if more gas is passed in, and the solution then contains 
fluoboric acid: 4BF ;I + 3H 2 0 - B(01I) 3 + 3HBF 4 . This is more easily 
made by dissolving boric acid in cooled 60 p(T cent hydrofluoric acid : 

B(OH) 3 + 4HF-HBF 4 }3H 2 0. 

The solution on distillation gives a strongly acid liquid of composition 
BF 3 ,2H a O ; in concentrated solutions BF 3 and H F are present. The 
acid forms salts, called fluoborates, e.g. KBF 4 is thrown down as an 
amorphous white precipitate on addition of a potassium salt to the acid. 
BF.j readily combines with ammonia, giving a white solid, BF 3 ,NH 3 . 
Fluoborates are formed in solution from boric acid and acid fluorides : 
H 3 BO 3 4 - 2 NaHF 2 - NaBF 4 - NaOH 4 2H 2 0. They are decomposed 
by beat : KBF 4 ~ KF -t BF V Tin* acids HC10 4 and HBF 4 show simi- 
larities, especially in the capacity to form salts with organic bases. 

Boron trichloride BUl a is obtained by burning amorphous boron in 
chlorine, by heating B 2 () 3 with phosphorous |)entaehloride in a sealed 
tube at 150°: B 2 0., -t 3PU1 5 ~2BC1 3 4 * 3 P(X'l 3 , or by passing dry 

chlorine over a strongly-heated mixture of boron trioxide and 
charcoal : B 2 0 3 4 3C-i 3C1 2 ^2BU1 3 4-3C0. It is condensed in a freez- 
ing mixture. The liquid is freed from chlorine by distillation over 
mercurv. It fumes strongly in moist air, and is irreversibly hydrolysed 
by water: BC1 3 4 3H 2 0-B(0H) 3 + 3IHT 

Boron dichloride B 2 C1 4 is formed in si nail yield by striking an arc with a 
zinc anode in liquid BU1 3 . It reacts with water to form an oxide B 2 0 2 , and 
evolves hydrogen with alkalis : 

B 2 OJ 4 r GNaOH -- 2NaB0 2 4 - 4NaCl 4 21f 2 0 -f- 1I 2 . 

Boron tribromide BBr 3 is obtained by similar methods to the chloride. 
Boron tri-iodide BI 3 is formed In passing BC1 3 vapour and HI through a 
heated tube. It burns when heated in oxygen. 

Boron nitride. — Boron is one of the elements which combine directly 
with nitrogen (p. 512) : the nitride is usually prepared by heating borax 
with ammonium chloride, extracting with hydrochloric acid, and washing : 

Na 2 B 4 0 7 + 2NH 4 C1 = 2NaCl 1 2BN 4 B 2 0 3 4 - 4H 2 0. 

Boron burns when heated in nitric oxide: 5B +3N0 = B 2 0 3 +3BN. 
Boron nitride BN is a white infusible powder, unchanged by mineral 
acids, solutions of alkalis, or chlorine at a red heat. It is decomposed 
by fusion with potash, when heated in steam : 2BN + 3H 2 0~B 2 0 3 4* 
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2NH 3 , or (slowly) by hydrofluoric acid : BN f 4HF -NH 4 BF 4 . When 
fused with potassium carbonate, it forms potassium oyanate : BN + 
K 2 C0 3 -KB0 2 4 KCN0. 

Boron forms a carbide B 4 0 on heating with (carbon in the electric furnace, 
and a sulphide B 2 S 3 by direct combination at a white heat, or by heating 
B 2 0 3 with carbon in the vapour of ("So. The sulphide is hydrolysed by 
water: lh 2 8 a I 6F1 2 0 — 2H 3 B0 3 -| 31I 2 S. 1> 2 S,, is said by Moissan to be 

formed from BI 3 and S dissolved in (\S 2 . Metathioboric acid H BS 2 is formed 
in white needles by the action of it 2 S on J>Br 3 . 

Perborates. — Sodium perborate XuBC) 3 , 4H 2 0 (formerly regarded as a 
inelaborate containing hydrogen peroxide ot crystal lisa lion, NaB0 2 ,H 2 0 2 , 
B H 2 0 ) is a crystalline solid obtained by the action of hydrogen peroxide and 
sodium hydroxide, or of sodium peroxide, on cooled borax solution ; or by 
the electrolysis of a solution of borax and sodium carbonate with a platinum 
gauze anode. It is stable and only sparingly soluble and is used asa bleaching 
and disinfecting agent. The solution is stable at room temperature but 
evolves oxygon on wanning ; it does not liberate iodine from concentrated 
potassium iodide solution. Other perborates are : 

tjbo 4 ,h 2 o. kbo 5 ,h 2 o. R1)B0 4 ,.U1 2 0. <\s bo 4 ,jh s o. 

They are prepared by the action of concentrated hydrogen peroxide on 
metaborates and evaporation under reduced pressure or precipitation by 
alcohol. 


Tests for boric acid. —If a solution of a borate is acidified with hydro- 
chloric acid and a piece of turmeric paper dipped into the solution and 
dried, a brownish -red colour is produced, similar 
to that formed by alkalis. If the paper is now 
moistened with alkali, it turns greenish -black. 
When a mixture of a borate, powdered fluorspar, 
and concentrated sulphuric acid is held on a 
platinum wire in a Bunsen flame, t in* boron fluoride 
formed colours the flame green. 

Ethyl borate B(OC 2 H-) ;{ is formed when a borate 
is distilled with alcohol and concentrated sulphuric 
acid: B(()H) 3 i :K\jH 5 OH =- B(OC 2 H 5 ) 3 i 3H 2 0. 
The vapour burns with a green flame. 

Add a little borax and concentrated sulphuric 
acid to alcohol in a dish. Stir well and ignite. The 
flame is tinged green, especially if blown out and 
rekindled. Since copper and barium salts also 
colour the flame green, the test is best made b\ 
heating the mixture in a small flask fitted with a glass 
jet (Fig. 343), and burning the vapour after adnuN 
ture with air ina wider tube to destroy the lumiitositx 
of the flame (due to ether, (CjH^gO, also formed). 



Fio. ,‘J43. — Croon flame 
of ethyl borate. 


Since boric acid interferes in qualitative analysis with the group 
separation of the metals, it is removed by repeated evaporation of tin 
solution with hydrochloric acid. The boric acid is volatile in steam and 
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is slowly but completely eliminated. Tf the acid is not removed, 
insoluble borates e.g. calcium borate Ca(B0 2 ) 2 , arc precipitated by 
ammonia in Group III. 


Silicon . 


Next to oxygen, silicon is the most abundant element in the crust of 
the earth : it occurs as silicon dioxide or * then, Si0 2 , varieties of which 
are quartz, sand, flint, etc. Silica is also t he acidic constituent of the 
silicate rocks. Granite and similar primitive rocks contain from 20 to 
30 per cent- of silicon. Silica was at first regarded as an “ earth,’* 
analogous to lime and alumina, hut its acidic character was pointed out 
by Otto Tachenius in Ibbb : it is insoluble in acids but dissolves in 
potash, forming a solution of a silicate formerly called liquor of flints. 
Tachenius also observed that acids differ in strength ; one acid is dis- 
placed from its compounds by a stronger acid. 

Gay-Lussac and Thcnard in 181 I obtained silicon as a brown powder 
on passing silicon fluoride gas over heated potassium, but they did not 
recognise its true character. In 1823 IJorzclius prepared silicon by 
heating potassium tiuosilieate w it h potassium : K 2 Si F 0 -\ 4K — tiKF + Si. 
In most, of its properties silicon belongs to the group of non-metals, 
although it forms alloys with copper and iron, it differs from carbon 
by giving a solid, diflicuitly-fusible dioxide Ni0 2 . which is the chemical 
analogue* of carbon dioxide G(L 


Si : O • 

Si : O : 

: Si : 

O : 

: 0 : 

: O : 

Si : O : 

Si : O : 

: Si : 


: O : 


: O ; 


: O : 


The great difference between silica and carbon dioxide is due rather to 
a peculiarity of silica. According to <*. N. Lewis 
the structure of silica, should he represented as a 
“ giant molecule \ 

In gaseous and solid carbon dioxide the separate 
molecules ()~ L O are present, whilst silica, con- 
sists of tetrahedral Ni() t groups Imbed together by 
strong bonds. The arrangement of the atoms in the 
different forms of silica, is different, but then all 
contain SiO, groups. Those are linked so that every oxygen a, torn is 
shared by two tetrahodra, gi\ in« t ho composition Si() 2 . 

The forms of silica. — Silica occurs both crystallised and amorphous. 
The three main crystalline forms are quartz, truly mite and cristobalite , 
although different modifications of each exist, having definite transition 
points (Fenner, 1912-14). 

5 7:j«» S70M io° 

(1) a-quartz -- /3-quartz. (2) /3-quartz ^ /2-tridymite. 

I ITO ’ -L 10’ 

(3) /3-tndymite /?- cristobalite. 

jS-tridyinite and £-cr is tohali to pass at the following tomperaturos into 
metastablo modifications with lower optical symmetry : 


ltv5° U7" 

(4) jS-tridymite c'- /? r tridymite a-tridymite. 

i«)8 £, -275 a 

(5) jS -cristobalite ^ a-cristobalite. 
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The relatione among the forms is shown diagrammatically in Fig. 344. 
Quartz is the only stable form below 870° ; the throe tridymites and 
/^-cristobalite can exist below 870° but are rnetastable. The transitions 
(1), (4) and (6) above occur rapidly, but (2) and (3), as well as the transition 
j3-cristobalite liquid at about 1710°, are sluggish. Between 870° and 
1470°, j8-tridymite is the stable form ; from 1470° to 1710°, /J-cristobalite. 



Silica glass , formed by rapid cooling of the liquid, can exist from ordinary 
temperature to 1000° or above, when it begins to crystallise, this taking 
place at an appreciable rate above 1250°. In devitrifying it always forms 
Cristobal ite, even at temperatures below the cristobalite range, unless a 
flux is present. . This is an example of a general rule, pointed out by 
Ostwald, that metastable states tend to be formed first. Cristobalite tends 
to change into tridymito rather than quartz ; the direct transformation of 
quartz into tridymite, without a flux, is doubtful. 

Since quartz changes into cristobalite (or tridymite) with expansion, 
silica bricks are liable to shatter when quickly heated unless a large 
proportion of the quartz has been converted into the form stable at high 
temperatures by previous heat treatment : this form remains meta- 
stable on cooling. 

Silica also occurs in vegetable and animal organisms. The straw of 
cereals and bamboo cane contain fairly largo quantities, and the weed 
** horse-tail ” on combustion leaves a siliceous skeleton. The feathers 
of some birds contain 40 per cent of silica, which also occurs in sponges, 
and deposits of almost pure silica arc found as kieselguhr , which con- 
sists of the siliceous skeletons of extinct diatoms. This material, being 
very porous, is used to absorb nitroglycerin in the preparation of 
dynamite, and in lagging steam pipes to retard loss of heat. ^ 

Superheated water in the interior of the earth, especially if alkaline, 
dissolves silica, which occurs in many spring waters, in hot-springs (Black, 
1794), and particularly in the boiling water of geysers. The silica is 
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deposited at the mouth of the geyser as sinter. Silica may pass into the 
pores of wood, etc., in the earth, producing petrifaction. 

; Quartz. — Quartz (density 2*648) occurs as rock-crystal in clear colourless 
^crystals used for optical apparatus, but more often in opaque (' k milky ”) 
or coloured masses (“ smoky- 
quartz/’ “ cairngorm ”). Col- 
oured varieties (e.g. purple, in 
amethysts) are used as gems. 

Sand consists of quartz which 
remains unchanged after the dis- 
integration or “ weathering '’of 
rocks, and has been crushed dur- 
ing its movement by water. The 
purest sand (“ Calais sand ”) is 
white*; yellow sand is coloured 
by ferric oxide, dissolved by 
boiling hydrochloric acid. 




Fig. 345.- “-Enantiomorphous crystals 
of quartz ; A left-handed, B right-handed, 
crystal. 


in patches with ordinary sand e.g. 


“ Singing sand,” which emits a 
peculiar squeaking note when 
pressed, consists of rounded grains 
of nearly uniform size. It occurs 
near Poole. 

The crystalline form of quartz is complicated ; it is apparently a hexa- 
gonal prism, terminated by a hexagonal pyramid, hut the crystal is really 
a tetartoliedral trigonal trapezohedron with lower symmetry, and has 
optical activity. Some crystals have hemihedral facets inclined to the right, 
others to the left, so that one typo of crystal is the mirror-image of the other 
(Fig. 345). Such pairs of crystals are known as enantiomorphs. 

If hydrated silica (p. 662) is heated with a solution of soluble glass (sodium 
silicate) in a sealed tube, small crystals of quartz are formed. Larger 
crystals are formed by prolonged heating at 250° in a soaled tube of a 10 
per cent solution of colloidal silica. Spezia (1905-9) obtained quartz 
crystals more than J cm. long from solutions of quartz in sodium silicate 
and sodium chloride kept for some months at 330°. 

Tridymite. — Tridymite (density 2*26) occurs more rarely than quartz 
in minute crystals, usually six-sided plates (Fig. 340) in cavities in the 
trachytie rocks of Mexico and Stenzelberg 
and in solidified magmas and lavas. It 
belongs to the hexagonal system. 

Cristobalite. — This is a cubip crystalline 
form (density 2*32) found in some volcanic 
rocks and in meteorites, fit is formed 
by heating powdered silica gjhiss at 1500°. 

Amorphous silica.- All varieties of silica soften bel(Av 1600°, melt in 
the oxyhydrogen blowpipe at about 1710° and haul in the electric 
furnace at 2230°. Before fusion they become plastip and can be blown 
like glass, or drawn into thread. The amorphous jfnlica glass , density 
2*2, first made by Gaudin in 1839, has a very snjfaU coefficient of ex- 



Fia. 346. — Crystal lino form 
of tridymite. 
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with hydrofluoric and sulphuric* acids to remove silica. It has a purity of 
90-97 per cent. 

The so-called amorphous silicon so prepared is a light chestnut-brown 
hygroscopic powder, density 2*35, which burns brilliantly when heated 
to dull redness in oxygen . The X-rays show that it really contains 
minute octahedral crystals, and all the known forms of silicon are 
octahedral. When heated in air it burns superficially. It ignites 
spontaneously in fluorine, forming the fluoride SiF 4 , and bums when 
heated in chlorine with production of the tetrachloride SiCl 4 . It is 
insoluble in water and all acids except a mixture of nitric and hydro- 
fluoric : it is slowly attacked by steam at a red heat : Si -t 2H 2 0 =Si0 3 
+ 2H l >. A mixt ure of potassium chlorate and nitric acid has no action 
upon it (cf. carbon), but it dissolves readily in concentrated alkali 
hydroxides : Si -f 2JKOH + H 2 0 -- K 2 Si0 3 + 2H 2 , or in fused sodium car- 
bonate, and burns brilliantly in fused potassium nitrate, or potassium 
chlorate. 

Amorphous silicon strongly heated in a closed crucible fuses, and on 
cooling solidifies to the dense crystalline yra phitoidal silicon , also 
formed by the reduction of silica in the electric furnace. Octahedral 
crystals of silicon, orange or black in colour, are produced by strongly 
heating potassium fluosilieate with sodium and zinc, or with aluminium 
in an iron crucible, and treating the mass with acid : 3K 2 SiF 6 -MAI- 
4A1F ;1 » 3Si t 6KF. Zinc gives long needle-shaped crystals of adamantine 
silicon , aluminium six-sided plates of graph itoidul silicon ; both 
varieties are made up of regular octahedra. Crystalline silicon scratches 
glass ; it has a density of 2*49 ; it does not burn in oxygen even when 
strongly heated, but burns when heated in chlorine, and ignites spon- 
taneously in fluorine. When very strongly heated, it forms grey nodules. 
It is attacked by a mixture of nitric and hydrofluoric acids, or by fusion 
with alkali : when fused with sodium carbonate it displaces carbon : 
Si -i- Na 2 C0 3 — NagSiOj, < C. Another variety (density 2*42) is formed on 
crystallising from molten silver. 

Silicon hydrides. — If a mixture of 2 parts of magnesium powder and 
1 part of dry amorphous silica is heated in a crucible a violent reaction 
occurs and magnesium silicide, mainly Mg 2 Si, is formed as a bluish 
crystalline mass. This when treated w ith dilute hydrochloric acid in a 
flask from which air has been displaced by hydrogen, evolves a spon- 
taneously inflammable gaseous mixture of silicon hydrides with hydro- 
gen : Mg 2 Si f- 4HC1 — 2MgCl 2 + SiH 4 (Wohler, 1858). If the gas is 
bubbled through waiter, each bubble ignites in contact with the air and 
burns with a luminous flame, producing a vortex ring of finely-divided 
silica : SiH 4 + 20 2 = Si0 2 + 2EL>0 (cf. phosphine). 

If the gas is washed with water and dried with calcium chloride and 
phosphorus pentoxide, and then passed through a tube cooled in liquid 
air, a liquid mixture of silicon hydrides is condensed, from which the 
following compounds may be isolated by fractionation : 

1. Monosilane SiU 4 , m. pt. - 185°, b. pt. - 112°, a colourless gas stable 
at the ordinary temperature, spontaneously inflammable if mixed with the 
other hydrides and sometimes if pure; relative density 16*02 (H~l); 



SILICON HYDIUDES 


605 


XXX IV J 

decomposed when passed through a red-hot tul>e, to twice its volume of 
hydrogen : SiH 4 — - Si 4 - 2H 2 . By the act ion of alkalis, four times the volume 
of hydrogon is produced : SiH 4 -{ 2KOH I 11,0^ K*Si() 3 t 1H 2 . The gas 
precipitates copper silicide (ki 2 Si from copper salts, and silver from silver 
salts : 4AgNi) 3 4 Si! I 4 Si 4 4Ag i 4HX() a . 

Pure monosilane is obtained by heating triefhyl silico formate (see 
p. 607) with sodium: 4SiH«)(\d 1 6 ), - SiH 4 f SSifOC,]!^ (ethyl ortho- 
silicate). 

2. Disilane Si 2 U 6 , a colourless gas, b. pt. 14-5 , m. pt. 132*5°, stable 
at the ordinary temperature but rapidly decomposed at 300 ; relative 
density 31*7 (N - 1) ; intlarnes in the air; soluble in benzene and carbon 
disulphide; decomposed by alkalis : Si 2 H 6 i 211,0 4KOH 2K 2 SiO s f*7H 2 . 

3. Trisilane Si ( ,H 8 , a colourless liquid, b. pt. 53°, rn. pt. — 117", deeorn- 
posing spontaneously at the ordinary temperature. Si 3 H 8 and Si 2 H c react 
vigorously with carbon tetrachloride and chloroform: 2C< 4 4 f Si 2 ll 6 - 
2SiCI 4 4 2C + 3H,. 

4. Tetrasilane Si 4 Ii l0> t). pt. 100", m. pt. - 90 \ less stable than Si,If 8 . 

5. Solid hydrides, probably Si fi ll 12 and Si,,II 14 , 
remain after fractionation. Brown solid silicon 
dihydride (SiH.,)^ is obtained by the action of 
glacial acetic acid or a solution of H(1 in 
alcohol on CaNi (prepared bv heating Pa and 
Si at 1050 ) (Schwarz and Heinrich, 1035), 

No gaseous unsaturated hydrides correspond- 
ing with ethylene, etc., are known. 

By the action of dilute alcoholic hydrogen 
chloride on ( 'aSi 2 , Kautsky (1021-23) obtained 
wliite eystalline siloxene Si e () # H n : 

Siloxene inflames spontaneously in air and decomposes water. By the 
action of bromine on siloxene under carbon disulphide, yellow silical bromide 
Si e 0 3 Br fl is formed, which is hydrolysed by water into black silical 
hydroxide Si 6 () 3 (OH) fl a base giving coloured salts. 

From SiH 4 and dry hydrogen chloride in presence of aluminium chloride 
the substitution products SiH a (l, in. pt. 1 IS b. pt. 3*05 , and NiH s t'l 2 , 
m. pt. ~ 122", b. pt». S*5‘, are formed : SiII 4 i HPl -Sill a (4 ) H 2 . From 
Sill 4 and solid bromine at HO", Sill a Br, m. pt. 94‘ , b. pt. J*9’, and 
SiH 2 Br 2 , in. pt. - 70*1°, b. pt. 00 , arc formed. By the action of water 
on SiHjBr a colourless, odourless, combustible gas, disiloxane (SiH 3 ) 2 0, 
ill. pt. - 144", b. pt. - 15*2", is produced : 2SiH a Br 4- 11 2 0 (SiH.,) 3 0 t- 

2H13r. SiH 2 Br 2 gives prosiloxaue SiH a O, which rapidly polymerises : 
SiH.Br* 4 H 2 0 SiH 2 0 + 2H Br. 

Halogen compounds of silicon. — Compounds of silicon with all the 
halogens of the types SiX 4 and SiHX ;{ , are known ; isolated compounds 
of the types BiH 2 X 2 and SiH 3 X have been prepared, and several 
chlorides not corres])onding with the type NiXybre known. 

Silicon tetrachloride (Berzelius, 1823) is prqpuml when amorphous 
silicon, or the mixture of this with magnesia yi it a ined by heating 40 gm. 
of dry powdered sand with 10 gm. of magnesium powder, is heated in 
a current of dry chlorine: Si + 201 s - V Chlorine may also be? 


JI 

Si— O 

HSi SiH 


HSi SiH 

\ / i 

Si--0 

H 
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passed over heated silicon-iron. An older method of preparation is to 
heat an intimate mixture of silica and carbon in a porcelain tube in a 
stream of dry chlorine : Si0 2 + 2C + 2C1 2 = Si01 4 4 2C0. The products 
of reaction are cooled in a worm-tube, when silicon tetrachloride con- 
denses as a colourless volatile liquid, density 1-50 at 0°, m. pt. - 70°, 
b. pt. 56-8°, which fumes strongly in moist air owing to hydrolysis: 
SiCl 4 4 2H 2 0 — Si0 2 4 4HC1. It forms dense fumes with ammonia. 
Silicon tetrachloride is also obtained when carbon tetrachloride vapour 
is passed over heated silica : Si0 2 4 0C1 4 ~ SiCl 4 4 00 2 . 

By the action of chlorine on heated silicon, silicon trichloride Si 2 Cl 6 
(m. pt. - l \ h. pt. 145 ) tint! silicon octachloride Si 3 Cl fi (b. pt. 210 u ~215°) are 
also formed. These may be separated by fractionation. The trichloride is 
also produced when t he vapour of the tetrachloride is passed over strongly, 
heated silicon. It is a colourless fuming liquid, the hot vapour of which 
ignites spontaneously in air. With water it forms an explosive white solid, 
Si 2 H 2 0 4 or (SiO-OH)*, silicon-oxalic acid: Si 8 CI 6 t 4H 2 0 - (»SiO f H), } 6HCI. 
The octachloride with water forms a white powder of silicon-mesooxalic acid 
H t Si 3 O s , the structural formula of which has been given as Si() 2 H.Si0.Si0 2 H. 
The compounds Si 4 Cl 10 , Si 5 Cl, 2 and Si fi < T 14 have been described. 

The silicon bromides SiI3r 4 (b. pt. 153 ) and Si 2 Br 6 (solid) are formed in the 
same way as SiCl 4 , and by the action of bromine on Si 2 I„, respectively. 
Si 3 Br H and Si 4 Br 10 are formed by tin* action of the silent discharge on silicon 
bromoform, SiHLBr 3 . 

Silicon tetraiodide Si 1 4 (rn. pt. 120-5 ) is formed from iodine vapour and 
heated silicon. When heated with finely-divided silver ut 280", it forms 
silicon tri-iodide: 2SiI 4 4 2Ag 2Agl } Si 2 l 6 . The tri-iodide forms splendid 
crystals, fuming m moist air. 

Several silicon oxychlorides are described : SijOCl* (b. pt. IS? 1 '), (Si()Cl 2 ) 4 
(m. pt. 77 ), Si 4 O 3 Cl 10 , Si 5 () 4 01 12 , Si 6 0 6 Cl 14 , Si 7 C) 6 ( *l 16 (all liquids), separable 
by fractionation. 

Silicon chloroform SiHCl 3 , b. pt. 32 u , 111. pt. - 134°, sp. gr. ( 15") 1*3438, 
discovered by Buff* and Wohler (1857), is prepared by passing hydrogen 
choride over silicon (or the mixture of silicon and magnesia, p. b(>3) 
at a dull red heat: Si 4 -3HCI — SiHCl 3 + H 2 . The liquid condensed 
in a freezing mixture is fractionated to separate silicon tetrachloride 
(b. pt. 56’8°) also produced. Silicon chloroform is a colourless, mobile, 
fuming liquid, which is very inflammable and burns with a green- 
edged flame, emitting white fumes of silica. A mixture of the vapour 
with air or oxygen explodes when brought in contact with a flame. 
At 800° the vapour decomposes into Si, H 2 > HC1, SiCl 4 , and a trace of 
less volatile liquid : 4SiHCl 3 = Si t- 2H 2 -r 3SiCl 4 . 

The action of ice-cold water on silicon chloroform forms silicoformic 
anhydride H 2 Si 2 0 3 , a white solid, probably polymerisod [SiH(0)] 2 0. This 
is a powerful reducing agent: H 2 Si 2 0 3 4 0 2 - 2Si0 2 4 H 2 0 (rf. formic: 
acid, H -C0 2 H i O . C() 3 4 H 2 0). It is readily decomposed by dilute alkalis 
with evolution of hydrogen : H 2 Si 2 () 3 * H 3 0~-2Ki0 2 4 2H 2 . On heating, 
si lico formic anhydride decomposes ultimately into silica, silicon, and hydro- 
gen : 2H g Si»O a - SiH 4 4 3SiO ? ~ Si 4 2H ? 4 3SiO ? . By the action of silicon 
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chloroform on methyl alcohol or sodium methnxide, methyl silieoformate 
8iH(OOH.,) 3 , b. pt. 104"-(> is formed. With ethyl alcohol or sodium 
ethoxide, ethyl silicoformate SiU(0( 2 H 5 ) 3 is obtained : SiH(M 3 4 3NaOC*H s 
— SiH(OC 2 H fi ) 3 4 3NaCl. These compounds are analogous to orthoformic 
esters, e.g. rH(OC.J l 5 ) 3 . 

Silicon bromoform SiHBr s {b. pt. 1 It; , m. pt. - 100°) is produced by the 
action of hydrogen bromide in heated silicon ; silicon iodoform Silil* 
(m. pt. 8°, b. ]>t. c. 220' ) is formed by the action of a mixture of hydrogen 
iodide and iodine on heated silicon. Numerous mixed halogen compounds 
of silicon, c.(j. Si( 4 l n llr, art* described. 

Silicon fluoride.- Amorphous and crystalline silicon ignite spon- 
taneously in fluorine, forming gaseous silicon fluoride SiF 4 . Pure 
silicon fluoride is obtained by heating barium Huosilicate : Ba8iF 6 = 
BaF 2 f Si F 4 . Silicon fluoride is more conveniently prepared by the 
action of h yd roll nor ic acid on silica (Scheolc, 1771): Si0 2 4-4HF = 
SiF 4 4 - 2H 2 0. Since it is decomposed by water, some dehydrating agent 
is added. Usually a mixture of equal weights of powdered fluorspar 
and white sand is heated in a thick glass bask with three times its 
weight of concentrated sulphuric acid: 2DaF 2 i- 2H 2 S0 4 * Si0 2 = 
2CaS0 4 tSiF 4 i 2H 2 0. The colourless gas, which fumes strongly in 
moist air, is collected over mercury. To free it from hydrogen fluoride, 
it may lx* passed o\er sodium fluoride. Silicates and glass are 
decomposed by hydrofluoric acid, with formation of silicon fluoride. 

Silicon fluoride is a colourless, incombustible, strongly fuming gas, 
normal density 44*>K4 gm./lit. ft solidifies without previous lique- 
faction at 07 under atmospheric pressure. Tin* solid melts at -11° 
under 2 atm. pressure, and tin* liquid boils at -flfU under 941 mm. 
pressure. Silicon fluoride* extinguishes a burning taper, but potassium 
and sodium burn in it when heated : 4K -t 2SiF 4 - K 2 SiF„ 4 2KF + Si, 
and heated calcium and barium oxides react with incandescence : 
SiF 4 4 2 UaO-2Ua!<\ SiO*. 

Silicon fluoroform Si I IF „ analogous to silicon chloroform, is obtained from 
this by the action of stannic tluonde or titanium tetratluoride : 4SiIK , J 3 4- 
3SnF 4 - 4SiHF. $ 3Sii<V It is a combustible gas, b. pt. 80-2’, m. pt. 

110 , which decomposes on lieatmg : 4-SdtF a 3SiF 4 4 2H 2 t Si, and in 
contact, with water: 2SiHF, • 2H»() ^i() 2 - II 2 SiK # ! 21L. 

Silicon trifluoride Si u F 6 is a colourless inflammable gas, obtained by the 
action of zinc fluoride on silicon trichloride : Si,Cl fi • 3ZiiF 2 Sj 2 F 6 j 3Zn01 a . 
It is decomposed by water: S] 2 F 6 * 2 1 1 X) S i < ) .> - H a SiF # r-ll 2 (Schumb 
and (kimble, 1032). 

Hydrofluosilicic acid. — The reaction between silicon fluoride and water 
was discovered by Scheele in 1771 but was only completely explained 
by Berzelius in 1823. it gives gelatinous silica and soluble hvdrofluo- 
silieio aeid H 2 SiF (; : 3SiF 4 4 211 2 () SilL i 2H 2 SiF fi . If hydrofluoric 
acid is added until the silica- is just dissolved, more hydrofluosilicic aeid 
is formed, and the difficult* filtration is avoided : Si() 2 4 (>HF — H 2 SiF 6 + 
2H 2 0. Th(* acid is made on the large scale (for lead refining, q,r.) by 
percolating aqueous hydrofluoric acid through sand. 
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Heat a mixture of 50 gm. of powdered fluorspar, 50 gm. of flne white 
sand, and 200 ml. of concentrated sulphuric acid in a stout glass flask (thin 
glass is soon perforated) on a sand-bath, and pass the silicon fluoride 
(fuming in air) into a cylinder, the dry delivery tube dipping under mercury 
in a small crucible over which water is afterwards 
poured. This is to prevent the tube becoming 
choked by the gelatinous silica (Fig. 347). The 
silica is deposited in small sacs, each enclosing a 
bubble of gas ; these should be broken occasion- 
ally by stirring with a glass rod. The liquid is 
filtered through linen, and the silica when washed, 
dried, and heated, is very pure (sp. gr. 2*2). 

A concentrated solution of hydrofluositicic acid 
fumes in the air. The anhydrous acid is not 
known and silicon fluoride and dry hydrogen 
fluoride do not react. 

Hydrofluosilicio acid is obtained as a by-pro- 

Fio. 347. — Preparation of manufacture of superphosphate by 

hydrofluosilicio acid. treating minerals containing apatite with sul- 
phuric acid (p. 759). 

Pure hydrofluosilicio acid does not corrode glass, but on evaporation 
it decomposes : H 2 SiF fl = SiF 4 4 2HF, and the hydrofluoric acid formed 
corrodes a flask or porcelain basin. With steam at high temperatures, 
crystals of silica are formed. 

When hydrofluosilicio acid solution is titrated with alkali the follow- 
ing reactions occur : 

H 2 SiF« + 2NaOH =Na 2 SiF 6 (pp.) + 2H 2 0 
Na 2 SiF 6 + 4NaOH - 6NaF + Si0 2 (pp.) + 2H 2 0. 

The end-point, with phenolphthalein, is therefore reached when six 
molecules of base have been added per molecule of acid. 

Salts of hydrofluosilicio acid, fluosilicates, are prepared by the action 
of gaseous silicon fluoride on the solid fluorides : SiF 4 -f 2NaF ~Na 2 SiF 0 . 
The following are sparingly soluble and are precipitated when hydro- 
fluosilicic acid is added to solutions of salts of the metals : Na 2 SiF c , 
K 2 SiF 6 , BaSiF e , rare earth salts. The salts K 2 SiF 6 and Na 2 8iF f) are 
formed as nearly transparent gelatinous precipitates ; BaSiF 6 forms 
a' white crystalline precipitate ; calcium and strontium salts are not 
precipitated. The lithium salt Li 2 SiF 6 is soluble and precipitates 
Na 2 SiF 6 with sodium chloride. 

Silicon carbide. — If a mixture of 5 parts of sand and 3 parts of crushed 
coke with a little salt and sawdust, is heated electrically to J550 0 - 
2200° by a carbon rod passing through the mass (cf. graphite), silicon 
carbide SiC is formed: Si0 2 4 3C — SiC + 200. This compound, dis- 
covered by Acheson in 1891, is manufactured in large quantities for use 
as an abrasive instead of emery, since it is nearly as bard as diamond. 
The technical product is a black, coarsely-crystallised mass with a play 
of iridescent colours. It is infusible and may be used in furnace-linings ; 
it resists most reagents but fused sodium hydroxide exposed to air 
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slowly acts upon it: SiC+4Na0H+20 2 =Na 2 C0 3 +Na 2 Si0 8 +2H s 0. 
Pure silicon carbide forms transparent, colourless or green, six-sided 
plates, density 3-1, and is obtained by fusing silicon with carbon in the 
electric furnace. 


Silicon carbide has the same lattice as diamond in which half the carbon 
atoms are replaced by silicon. The silicon carbide in the electric furnace is 
surrounded by a layer of Hiloxmm , which is said to be a definite compound 
Si a OC 2 mixed with a little silicon monoxide SiO, but it may be a solid 
solution of silica in silicon carbide. It is used as a refractory. A fibrous 
variety called Fibrox is used as a heat insulator instead of asbestos. 

Silicon borides SfB 3 and Sil$ fl , very hard, arc formed in the electric furnace. 
Silicon nitrides SIN 2 » Si 2 N 3 , and Si 3 N 4 * are formed when nitrogen is passed 
over heated silicon. The nitride Nr Si — Si- N is formed by strongly heat- 
ing the product of interaction of Si 2 (U e and ammonia. 

Silicon disulphide SiS 2 is formed in white silky needles by heating silicon 
in sulphur vapour : it is decomposed by water into hydrogen sulphide 
and gelatinous silica. It is also formed by passing the vapour of car- 
bon disulphide over a strongly heated mixture of silica and carbon : 
SiO a *f CS 2 + C = SiS 2 4- 2CO. J t forms long fibre like molecules : 



Si 



/ 

\ — 

\ 


The structure of the silicates. — In the silicates the fundamental unit is 
the orthosilicate ion SiOj\ in which the silicon is tetrahedraily surrounded 
by four oxygens. The distance Sj — 0 is 1-62A. and the distance O — O is 



2*7A., as determined by X-ray methods. Four electrons are drawn from 
the oxygons O 2 " to the silicon Si 41 , arid the ion has the negative charge 
uniformly distributed over the f our oxygens, the central silicon being neutral. 
The tetrahedral structure is represented in projection, each oxygen being 
shown as a circle Q, and the silicon by a dot • , the silicon being shown inside 
the oxygen at the apex. It must be noted that each oxygen is joined to 
silicon by only one link and is not joined to other oxygens, the sides of the 
tetrahedron merely indicating the arrangement in space. 

1, In orthosilicates the SiOJ" ions arc independent, and the charges are 
balanced by the positive charges of cations packed in the lattice in the inter* 

O' ° o o O 

_ 2 — — - 4+ 2+ 3+ . 2 + 2+ „ + _2+ 

Ions O OH F Si Be A1 Mg: Fe NaCa K 

f 

stices of the silicate ions. The radii of the mofi il (and silicon) ions are 
(except in the case of calcium and alkali metals/ small compared with the 
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radius of the oxygon ion, so that the structure is practically determined by 
the packing of the oxygens. 

In orthosilicates the positive ions are usually bivalent, e.g. in olivine 
Mg 2 Si0 4 the SiO£~ tetrahedra are arranged alternately orientated in parallel 
rows, with Mg 2 + ions interposed, as shown. Each 
Mg 2f (shown as x ) is surrounded by 6 oxygens slightly 
distorted from an octahedral arrangement. 

2. In silicates othor than orthosilicates two types of 
oxygen linkage are recognised : 

(а) The oxygen atom belongs to two silicon atoms, 
i.e. is linked on both sides to silicon , when its valencies 
are sat urat ed and the linkage is covalent. 

(б) The oxygen atom is linked on one side only to 
silicon , when it has one negative charge which can be 
neutralised bv a positive cation : 

. 1 

O— Si— 

I 



For example, the ion Si.,0§ may bo represented as two tetrahedra meeting 
in a corner. The oxygens 1 to t> (typo b) each contribute - 1 to the valency, 
but the oxygon 7 (type a) is linked on both sides and is neutral. 



4 3 


3. Various more complicated silicate ions may be built up from the 
fundamental SiOJ group in the maimer shown below. Each arrangement , 
which contains linkages of types a and b, forms a self-contained anion, 
neutralised by positjvo cations in the lattice. The anions may consist of : 

(A) Rings of 3, 4 or <> silicon atoms with an equal number of oxygen 
atoms linked on both sides between thorn. The valency of each group is 
given by the number of oxygen atoms linked on one side only (case b) to 
silicon : e.g. numbers 1 to t> in the first figure : 



(B) Chains, fibres, or bands, formed by linking pairs of silicon atoms 
through oxygen and capable of extending indefinitely in length. The 
valency is again - J for each oxygen singly linked to silicon (type b). Two 
arrangements may be distinguished. 
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(a) ~ 


V 



X X 

Motasilicate [SiO**"],,, e.g 

(V+M^(Si()«-) 2 . 
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Tn the first (a) each unit as shown between dotted lines contains one 
silicon singly linked to two oxygens of type h , 1 and 2, giving the valency 
of - 2, and sharing two ha If -oxygens 
3 and 4 of type a (valency zero) with 
two other silicons ; Le. each silicon is 
associated with 2 f 2 x \ - 3 atoms of 
oxygen in all, making up the ineta- 
silicate ion, tti()|. The end units, 
making up only a small fraction of the 
lattice, are disregarded. 

The second arrangement (/3) is formed b\ joining two (a) arrangements 
through the oxygons marked thus forming a hand from a chain. The 

unit shown between dotted 
lines contains 4 silicons 
associated with 9 + 4 x. I'- 
ll oxygens in all, and of 
those 0 are singly linked 
to silicon (type 5), giving 
the valency - 6 to the unit. 

(( ’) Sheets extending inde- 
finitely in area, formed by 
linking bands of type ft 
through oxygens marked 
.(*. Three oxygens of each 
and have zero valency, one oxygen is 
1. Tin* unit ot such an arrangement, 



Motatetrasilicutc [Si 4 ()?, ) n . v.g , 
FogMg^Sijf),,)* • Mg(OH ) 2 . 



tetrahedron are linked on both side.- 
singly linked and has the valeum 

shown between dottod lines, is Si t> ()? ; two silicon atoms 
are Jinked with 3 » 4 x h - 5 oxygens, and there are 2 singly 
linked oxygens (type b) giving the valency 2. Tt is 
unnecessary to draw the arrangement, |Si 0 0?"'j n in hill, as 
it is easily visualised as formed of two ft strips. This is 
the ion of the disiheutes, e.g. talc, AI^x 2 (Si 2 0 5 )„, Mg(OH) 2 . 

In rnica, one m four of t he tetrahedral groups of oxygens 
surrounds AI instead of Si (see below). The arrangement 
(y) also a disdicate, the unit being again Si 2 0? . Any arrangement 

of Si() 4 tetrahedra in sheets, linked 
through oxygen-*, gives the same unit 
ion. 

{!)) If every corner of the NiO;}~ 
tetrahedron is linked through oxygen 
we obtain a three-dimensional lattice. 
E\erv oxygen is shared and there 
are no free valencies. The structure 
contains two oxygens to every silicon 
atom and is electrically neutral : it is 
silica, the structure of which has been 
represented in this way on p. 059. 
If, however, a silicon is replaced by an 
aluminium ion of charge l 3 instead of i 4, tctrahedrally surrounded by 
four oxygens, the central AI now lias a charge - 1, since it is unable to 
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neutralise the 4 negative oxygon charges drawn to the centre. This extra 
chargo may be balanced in the lattice by additional cations. The arrange* 
ment is present in tho aluminosilicates : e.g. (NaAl)Si 3 0» forms CaAl,Si,0, 
f 4 4- 
by replacing NaSi by CaAl: 

A1 < 

x 0 



Replacing some silicon by aluminium gives a large negatively charged 
lattice, like a vast extended acid radical* which can absorb cations to assume 
electrical neutrality. Kxamples are the zeolites, tho sponge-like lattice of 
which remains unaltered when metal ions are exchanged, e.g. (V 4 " for 2Na 4 . 
This explains the ready exchange of such ions in water softeners (p. 185). 



CHAPTER XXXV 

METALS AND ALLOYS. SPECTRUM ANALYSIS 

Metals. Only a few metals, viz., gold and the platinum metals, 
usually occur in the metallic or native state ; the rest occur as ores, 
mostly oxides and sulphides, or carbonates and sulphates, although 
some metals, e.g. copper, silver, and mercury, are also found native. 
The principal methods used for the extraction of metals may be briefly 
summarised. 

Native copper, gold and the platinum metals are worked up by refining. 
Other industrial processes for the extraction of metals include (small scale 
extractions in brackets) : 

(1) reduction of the oxides with hydrogen : tungsten ; (all metals with 

atomic weights greater than that of manganese) ; 

(2) reduction of oxides with carbon : zinc, cadmium, aluminium 

(electrolytic), tin, bismuth, manganese, iron, cobalt, nickel, lead, 
copper ; titanium, zirconium, thorium in the electric furnace ; 
many special steels b\ simultaneous reduction of the oxide wdth 
carbon and iron ; (metals after group III, some at high tempera- 
ture in the electric furnace) ; 

(3) reduction of oxides with aluminium (thermit process) : chromium, 

manganese, (molybdenum, vanadium, cerium) ; (on the small scale 
magnesium, or mischmotall, p. 821, may replace Al) ; 

(4) oxidation of sulphides, either directly by atmospheric oxygen as with 

mercury (HgS +- () 2 - Hg i S0 2 ), or by partial oxidation and inter- 
action of sulphide with oxide or sulphate as with copper (p. 719) 
and lead (p. 834) ; 

(5) reduction of sulphides with iron : antimony, tungsten, (mercury) ; 

(t>) electrolyt ic processes : electrolysis of (a) fused hydroxide for sodium 

(potassium, etc.) ; (6) fused chloride for magnesium and calcium 
(beryllium, strontium, etc.), or the oxide dissolved in fused cryolite 
for aluminium ; (c) solutions of salts for copper, silver, gold, zinc, 
nickel, chromium ; (with a mercury cathode for several metals, 
followed by heating the amalgam) ; 

(7) special processes ; carbonyl process for nickel (p. 94G). 

Alloys. — Two or more metals when fused together usually (but not 
always, e.g. zinc and lead, p. 735), form a homogeneous liquid, and the 
metal formed on solidification is called an alloy. Although the prepara- 
tion of alloys by fusion is the method commonly used, the strong com- 
pression of fineiy-powdered metals, the simultaneous electro-deposition 
of the metals from a mixed solution (e.g. copper and zinc in the form of 
brass, from a solution of the cyanides in potassium cyanide), and the 
reduction of one or more of the metals from compounds in the presence 
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oYJhe other metal (e.g. tungsten and iron compounds in the electric 
furnace), are alternative processes. Alloys containing mercury are 
called a m a Iga m s . 

An alloy may be either homogeneous or heterogeneous. The homo- 
geneous alloy may be : (i) a solid solution ; (ii) a pure chemical com- 
pound : or (iii) a solid solution of a compound in excess of one of the metal#. 

If the alloy is heterogeneous the separate phases may consist of: 
(i) pure metals , (ii) one or more pure compounds ; or (iii) solutions of 
metals or their compounds, in metals. 

Compounds of metals with non-metals may form alloys : hard steel, 
prepared by quenching, is a solid solution of iron carbide Fe.,C in a 
particular allot ropic form of iron (y-iron). 

Freezing-point curves of alloys. -The class to which an alloy belong* 
may be determined by an examination of the freezing points of fused 
mixtures of the metals. For simplicity consider only two metals. 

Consider tirst the ease in which no chemical compounds arc formed (e.g. 
antimony and lead), if pun' antimony is fused and allowed to cool it 

so I id i f ies com] >Jete I v 
at the temperature 
030 l> shown at A m 
Fig. 34<S. it* a little 
lead is added to the 
fused antimony, the 
alloy begins to soli 
dify at a tempi n*a~ 
ture a little below 
the Iroe/.iug point 
of pure antimom, 
since a dissolved 
hu bstance 1< iwers tin* 
freezing point* of 
antimony (provided 
I mre at itim< my sops - 
rates on freezing, p. 2411). Increasing amounts of lead cause a lowering 
of freezing point along the curve AC. If the molecular depression <>i 
freezing point were constant, AC would be a straight line, but it is usuallv 
a curve, since the laws of dilute solution do not. apply strictly. 

In the same way, if the freezing point of pure lead is represented by /?' 
(327°), addition of antimony to fused lead causes a lowering of freezing 
point represented by BC. 

If a fused mixture ollead and antimony of the composition corresponding 
with the point (J (about 8(> per cent of lead) is cooled, load and antimons 
separate together in a constant ratio until the whole has solidified at the con- 
stant temperature (about 230°) corresponding with C. This is a eutectic point 
(p. 249), and is the lowest temperature at which liquid alloy may bo present. 

At all points above AC 13 the alloy is entirely liquid ; at all points below n 
horizontal line DOE drawn through C the alloy is entirely solid . At tempera 
tures in the region ACD pure solid antimony separates from the freezing 
liquid alloy, and at temperatures in the region BCE pure solid lead separates 
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Now consider what happens when a fused alloy represented by the point 
X ((>(> per cent lead) is cooled. It remains liquid until the temperature has 
fallen to such a point, that the freezing-point curve AC 1 is reached, This 
curve corresponds with the separation of solid antimony, and this will 
crystal 1 iso out. The* liquid alloy remaining is enriched in lead and its com- 
position falls to the right, of <>f> per cent of load. To cause more solid anti- 
mony to separate, the temperature, must ho lowered slightly, and hence 
further solidification of antimony corresponds with temperatures along the 
curve unt il the point (' is reached, when lead begins to separate as well and 
the whole solidities at the constant temporal lire of the eutectic point. The 
constant temperature corresponds with the constant composition of the 
liquid fluring solidification, since antimony and lead now separate m the 
same ratio as they exist, in 1 he* liquid. 

All completely solidified alloys on 1 lie left of (' consist of crystals of anti- 
mony and a eutectic solid mixture of antimony and lead. 

By considering a point in the liquid alloy above the line B(\ it will he 
seen that, on cooling, pure lead will separate when the temperature falls to 
a point oil B(\ On further solidification, the liquid alloy is enriched iri 
antimony until the eutectic point (' is reached, when lead and antimony 
separate in a constant ratio until 


P 

o 

Sn ioo 


Liquid ( 

V 

s\ / SnMg 2 + Liq. 

Lia\, / 

E 2 

Snltig 2 

+ 

S Mg 

_j 

E, 

Sn + SnMg 7 


■ Mg+ 
Liq. 


50 

50 


67 

33 


all is solid. The solid to the 
right of C consist of crystals 
of lead in a eutectic mixture of 
lead and antimony. 

In the second place* consider 
an alloy m which oictid/d- non- 
(moods arc farmed , say tin and 
magnesium, which form Mg^Sn. 

The freezing-point curve is 
shown in Fig. 349. 

The compound MgaSn has a 
definite inciting point 7X3*4 ", 
represented by If pure tin 
is added to the fused compound, 
or to a mixture of the metals 
m the correct proportions, the 
freezing point is lowered. The solid separating along CE X is pure Mg*Nn. 
Finally a eutectic point E x is reached, at which Mg 2 Sn and Sn separate 
together. If magnesium is added to pure* tin, the freezing point is 
depressed along AE lt the solid separating being pure tin until is reached, 
when tin and Mg 2 Sn separate. The solid alloy obtained on cooling a liquid 
mixture of composition Twill he homogeneous Mg 2 Sn. An alloy formed by 
the complete solidification of a liquid of a composition enclosed within the 
verticals between C and h\ wiil consist of crystals of Mg 2 Sn embedded in a 
matrix of a eutectic mixture of Alg 2 Sn and tin. 

Similar relations hold for addition of excess of magnesium to Mg c Sn, or 
tin to excess of magnesium, when a second eutectic point E, z will appear. 
Between E 2 and B pure magnesium separates, between E z and C pure 
Mg 2 Sn, at the eutectic Mg a Kn with magnesium separates. 

If we commence with pure tin and add increasing amounts of magnesium, 


Fkj. 349. -Freezing-point. curves of binary 
alloy forming one compound. 
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the freezing points make up the curve AE 1 CE 2 B, which has a maximum 
and two eutectics. A curve of this typo is characteristic of the formation 
of one compound. If there are two compounds there will b© two maxima, 
and so on. The rounded form of the maximum indicates that the compound 
is partly dissociated in the liquid state : Mg 2 Sn 2Mg + Sn. The micro- 
scopic appearance of a pure metal, or of an alloy which is a definite com- 
pound, is that of more or less large crystals which are pract ically in contact, 
since there is no eutectic matrix. 

The ordinary valency rules cease to apply to alloys (inter-metallic com- 
pounds). An empirical rule (Hume-Rothery, 1926) states that the ratio 
of the number of atoms to the number of valency electrons is the same 
for structurally analogous compounds : e.g. 13 : 21 for Cu 6 Zn 8 , Cu 9 Al 4 , 
Cu sl Sn 8 ; 2:3 for CuZn, CTi 3 A1, Ag a Al, Cu 6 Zn ; and 7 : 4 for CuZn 3 , 
AgZn 3 , AgCd 3 . In compounds of Fe, Co, Ni, Pd, and Rh the valency of 
these elements must be taken as zero. 


Spectrum Analysis 

White light, when passed through a glass prism is broken up into a 
series of coloured rays called a spectrum. The rays of different colours 
are bent or refracted by the prism to different extents ; the spectrum 
shows the colours in the order : red, orange, yellow, green, blue, indigo 
and violet, the red being least refracted. This is a continuous spectrum 
without any gaps. At the red end beyond the visible part, are rays 
which may be detected by their heating effect. These are the infra-red rays. 
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Fig. 350. 

Beyond the violet there are also invisible rays, which may be detected 
by causing the fluorescence of quinine salts and some other substances. 
These are the ultra-violet rays. 

Each kind of radiation has a definite wave-length A. The infra-red 
waves are the longest and the ultra-violet waves the shortest. Wireless 
waves are very long ; X-rays and y-rays are very short. Wave-lengths 
of radiation are usually measured in tenth metres, i.e ., 10~ 10 m. 
or Angstrom units (A.U.). The /x and m/x units (p. 4) may also be used. 

Fig. 350 gives the wave-lengths (A) of all parts of the spectrum. 
The visible spectrum (shaded) extends only over the very restricted 
range of 4000 to 7000 A.U. 

Small quantities of various salts, heated on platinum wire in a 
Bunsen flame, impart characteristic colours to the flame : 

sodium salts: yellow thallium salts : green 

potassium salts : lilac strontium chloride : red 

lithium salts : crimson calcium chloride : orange-red. 
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If the light emitted is passed through a prism, the spectra consist of 
separate lines, each corresponding with a definite wave-length, i.e. 
they are line spectra : the spectrum of every clement is characteristic, 
and can serve for its identification. This is the principle of spectrum 
analysis, introduced by Bunsen and KirchhoflT in 1859. 

The spectra of salts usually correspond with those of the metals con- 
tained in them ; that- of sodium chloride is identical with the spectrum 
of metallic sodium. The salt vapours at the high temperature of the 
flaine are dissociated into their elements. In some cases a compound 
shows a characteristic spectrum ; calcium chloride first gives a spectrum 
of the chloride, and later a spectrum corresponding wil h calcium oxide. 

The band spectra of molecules consist of luminous hands, often with 
a fluted appearance (Fig. 351). A spectroscope of high resolving 
power shows that the hands consist of large numbers of fine lines. 



Imc. 3f>l. -Line and band spectra uf nitrogen. 
(JlH rourfru/ of J'tuf. A. Fonl^iA 


Lino spectra are produced by atoms, baud spectra by molecules or radicals 
(sometimes not known as stable forms, vjj. (\ or PO). A band spectrum 
consists of relatively v\ idol\ separated groups of lines, each group due to an 
electronic energy-change as in the production of hue spectra (p. 427). In 
each electronic group there are lines due to changes of the vibrational 
energy of the atoms in the molecule, and between pairs of these vibrational 
lines there are equally spaced lines closer together and due to changes in 
the rotational energy of the whole molecule. The electronic, vibrational, 
and rotational energies are quantised, and the structure of band spectra 
will give information about the interatomic distances and angles in mole- 
cules (p. 439). 

Electronic spectra occur m the ultra-violet or visible region. Vibrational 
transitions are usually accompanied by rotational, and the vibration- 
rotation and rotation spectra (generally observed as absorption bands) 
occur in the near and far infra-red when j > resent alone, but when they form 
part of the fine-structure of an electronic hand they are found in the 
corresponding part of the spectrum. 

In Raman spectra (p. 439) the frequency-difference between the incident 
and changed lines is equal to a vibrational frequency of the scattering 
molecule and is independent of the frequency of the incident- light. Tn this 
way the molecular vibrational frequency appears in the visible spectrum, 
and is more easily measured than in an ordinary absorption spectrum in the 
infra-red region of the spectrum, 
z 
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The spectroscope. — The spectroscope was invented by Bunsen and 
Kirchhoff (Fig. 352). 


It has a prism a of flint-glass, supported on an iron stand, and a brass 
tube 6, called a collimator, fitted at the end farthest from the prism with an 



adjustable slit d. In 
this way a narrow line 
of light from the Bunsen 
flame e y in which the 
substance is heated, is 
focused on the prism, 
the rays being made 
parallel by a lens in 
the collimator. The 
light passing through 
the prism is received 
by the telescope /, which 
may bo moved round so 
as to embrace any part 


Fig. 352. — Simple spectroscope. 


of the spectrum, and 
contains a lens which 


gives a magnified view of the spectrum in the eye-piece. In order to fix the 
position of any particular line, the image of a glass scale fixed in the third 
tube g, and illuminated by a luminous gas flame is thrown by reflexion from 


the face of the prism into the telescope, and appears above the spectrum. 
The position of the line is then read off by comparison with this scale. 


Production of spectra. — The spectra of gases may be observed in the 
light emitted by the gas at low pressure (1-2 mm.) when subjected to 
the electrical discharge from a coil in a Geisslcr tube. Volatile salts may 
be heated on platinum wire, moistened with 
hydrochloric acid, in a Bunsen flame ; or a small 
fused bead of the salt (usually the chloride) 
heated on the wire. The spectra of liquids may 
be obtained by taking electric sparks near the 
surface between platinum wires, as shown in 
Fig. 353. The spectra of difficultly volatile sub- 
stances are obtained by heating a small quan- 
tity of the material in a little hollow in the lower 
carbon rod of an electric arc. The spectra of 
some metals ( e.g . iron) may be obtained by strik- 
ing an arc, or passing powerful sparks, between 
rods of the substance. 

The spectroscope can show the presence of 
very minute quantities of certain elements — far 
below the possibility of detection by chemical 
analysis. A quantity of 3-00 Jooomgm. of sodium Rpectr a. 
may be detected, and all ordinary materials show 

the spectrum of this element. In other cases the spectroscope may be 
much less sensitive, and sometimes the spectrum of one substance may 
practically be extinguished by traces of other substances. 
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The solar spectrum. — In 1802 Wollaston, examining sunlight by 
means of a prism, noticed that the spectrum was crossed by a large 
number of fine black lines. These dark lines, carefully mapped by 
Fraunhofer in 1814, are called Fraunhofer's lines and the most important 
are designated bv alphabetical letters. Fraunhofer suggested that they 
were caused by the absorption of the particular parts of the spectrum 
by the passage of the light through the atmosphere of incandescent 
gases surrounding the sun. Kirchhoff in I860 repeated an experiment 
made by Foucault in 1848. He brought near the slit of the spectroscope, 
through which he was examining the solar spectrum, a flame charged 
with sodium vapour. The two very nearly coincident dark lines in the 
solar spectrum, called D by Fraunhofer, at once changed into the two 
bright yellow lines of the sodium spectrum, which were therefore 
coincident with the dark D-lines of the solar spectrum. Kirchhoff then 
exchanged the sunlight for limelight, which gives a continuous spectrum 
having no dark lines. On placing a sodium flame between the source of 
this light arid the slit of the spectroscope, the two dark D-lines at once 
appeared. 

Kirchhoff pointed out that this result is easily explained by sup- 
posing that the sodium flame absorbs the same kind of rays as it emits, 
whilst it is transparent to other rays. If the intensity of the light passing 
through the flame is greater than that of the light emitted bv the flame, 
the absorption will cause such a weakening of intensity in that part of 
the spectrum that the lines will appear dark in contrast with the rest of 
the spectrum. 


Pass a stream of hydrogen through a Woulfe’s bot tle in which hydrogen 
is produced from zinc and dilute hydrochloric acid containing common 
salt. The gas is burnt as a large flame, col- 
oured yellow by sodium from the spray, at a 


burner (Fig. 354). A small Hunseri burner with 
a bead of sodium chloride is placed in front of 
the large flame. The outer edge of the small 
flame appears dark against the bright yellow 
background. 

The presence of sodium vapour in the at- 
mosphere of the sun may be inferred from 
the dark lines in the spectrum. The bright 
parts of the spectrum teach us nothing, 
because they are merely parts of the con- 
tinuous spectrum emitted by any body raised 
to incandescence. The dark lines of the 



spectrum, corresponding with absorption in p I(} 354 . Reversal of 
the solar atmosphere, indicate the presence sodium line, 

of corresponding elements in the sun. Cer- 
tain stars and nebulae show bright lines on a dark ground. These 
correspond with elements present in the masses of incandescent gas or 


vapour. 

The spectroscope opened the way to the chemical examination of 
bodies in space; the rays of light coming from the most distant stars 
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reveal the eheinieal composition of the luminous matter with as much 
certainty as if the millions of miles of intervening space had been 
annihilated, and a sample of the star placed on the laboratory bench. 

Absorption spectra. — If white light* passes through a transparent 
coloured body, such as ruby glass ora solution of indigo, the emergent 
light when examined by the spectroscope is found to have lost certain 

parts of the spectrum. These 
have been absorbed, and the re- 
maining part of the spectrum 
corresponds with the colour of 
the body. A solution of copper 
sulphate removes all the spectrum 
except the blue end ; a solution 
of potassium dichromate removes 
all except the red end. In other 
cases dark bands, corresponding 
with absorption, cross various 
parts of the spectrum. 

The absorption spectra of salt 
solutions are nearly always made 
up of one or two sets of bands, 
corresponding with one or both of 
the two ions. All permanganates 
show the same hands, characteristic 

Knt. -Absorption spectra of blood. * <>n ‘ 

The absorption spectra of blood 

are shown in Fig. No. 1 shows two dark bands, I) and E, due to 

oxy haemoglobin, given by oxidised blood. No. 2 shows the absorption 
spectrum of de-oxidised blood, in which there is only one dark hand, due 
to haemoglobin. I3y the action of acids on blood, the haemoglobin is 
converted into baematin, the oxidised and de-oxidised forms of which 
give the spectra Nos. 3 and 4. Carbon monoxide, nitric oxide and hydro- 
cyanic acid form compounds with haemoglobin giving characteristic 
absorption spectra, and this is used in detecting carbon monoxide in 
cases of poisoning by that gas. 

An important application of absorption band spectra is in the determina- 
tion of heats of dissociation. Consider a gas composed of diatomic mole- 
cules A 2 and suppose it to be traversed by radiation of frequency v which 
is absorbed. (This will usually be in the ultra-violet.) The molecule 
absorbs a quantum hr which brings about a vibration of the two atoms. 
The absorption is marked by a vibrational line in the absorption spectrum, 
and this usually has a fine-structure due to rotation (p. 677). As v increases 
a succession of vibrational -rotational levels is traversed, the lines drawing 
closer and closer together because the vibration is not a simple harmonic 
motion, and departs from this all the more as the amplitude increases. 
When the amplitude of vibration carries the two atoms beyond the range 
their attractive forces, they separate and the molecule dissociates : A ; — 2A 
The energy then ceases to be quantised vibrational energy, and the spec 
triim beyond this limiting frequency v d is continuous. The energ} 
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required to dissociate the molecule is hr f/ (or Nhr rf , where N is Avogadro’s 
number, per mol.) This may require correction if one or both of the atoms 
A formed is excited, i.e. has more energy than in the normal state. 



CHAPTER XXXVI 


THE ALKALI METALS 

Group I of the Periodic Table contains two groups of metals, (i) the 
even series or sub-group a, of the alkali metals, and (ii) the odd series 
or sub-group 6, comprising copper, silver and gold. The odd and even 
series show startling differences, and would never have been brought 
into the same group on purely chemical grounds. 

The alkali metals are the most strongly electropositive elements known, 
the positive character increasing with atomic weight from lithium to 
caesium. The elements of the odd series have a much less pronounced 
electropositive character and this decreases with rise of atomic weight, 
gold being one of the most weakly electropositive metals. The alkali 
metals oxidise with the greatest easo and decompose water violently ,* 
copper oxidises in air only appreciably on heating and decomposes water 
only at a very high temperature, whilst silver and gold are k ‘ noble M 
metals, which can be heated to redness in air without oxidation. Lithium 
shows marked differences from the other alkali metals and in many ways 
resembles magnesium, its neighbouring element in Group II. 


The alkali metals are all univalent in simple compounds and salts, 
but show covalencies of 4 and (> in some compounds with organic sub- 
stances, such as salicylaldehyde : 



M-Li, Na, K, Rb, Cs. V M = K, Rb, Os. 


Copper shows ordinary valencies of 1 and 2, and sometimes 3 ; silver 
valencies of 1 and sometimes 2 and 3, and gold valencies of J and 3 of 
more nearly equal stability. The alkali metals show no tendency to 
form complex compounds, but this is very marked with copper, silver 
and gold, which form both cation, e.g. [0u(NH 3 ) 4 ]S0 4 , and anion, e,g 
K[Ag(CN) 2 ], complexes and these elements also show a marked tendem*\ 
to form covalent compounds even with the strongly electronegative 
halogens, which tend to remove electrons from metal atoms to form 
positive ions. Cuprous halides have non-ionic (zinc blende) lattices, 
and fused cuprous chloride is not a good conductor (although 
fused silver chloride is), and in the vapour state the molecule ^ 
Cu 2 Cl 2 . 

(182 
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The alkali metal vapours are largely monatomic, but sodium vapour 
(mol. wt. 24-26) contains some Na 2 molecules (Rodebush and Waiters, 
1930). In solution in tin, sodium is monatomic. The metals all crystal- 
lise in body-centred cubic lattices. They form salt-like hydrides MH 
and halides MX. The basic oxides art* M 2 (), but the higher oxides, 
Li 2 0 2 , and M 2 0 2 , M 2 0 3 , and M0 2 with Na, K, Kb and Cs, are 
known. The metals are very reactive and combine direct! v with 
halogens and sulphur, and lithium with nitrogen. Lithium reacts 
rapidly with water and sodium violently, but the hydrogen liberated 
does not inflame ; potassium, rubidium and caesium react with in- 
creasing violence and the hydrogen inflames. 

The alkali metals are reduced from their compounds only with diffi- 
culty ; the hydroxides are reduced by carbon at high temperatures but 
most easily by electrolysis. 

Since the ammonium compounds, containing the positive univalent 
ammonium radical NH 4 , show very close resemblances to compounds 
of the alkali metals they are usually studied along with the latter. 

The properties of the alkali-metals are shown in the table below. 




Lithium. 

Sodium. 

Potassium. 

Rubidium. 

Caesium. 

Atomic number 

- 

- 3 

11 

19 

37 

55 

Electron eonfignra f ion 

- 21 

2-8*1 

2-8-8-1 

2-8-18 

-8-1 

2-8-18 

*18-8-1 

Density at 0° - 


- 0-5 

0-9723 

0*8f>9 

1-525 

1-903 

Atomic? volume - 


- 12*9 

23-7 

45-5 

56-1 

69-8 

Melting point 


- 180 J 

97-9° 

62*04° 

39*0° 

28-45° 

Hoi ling point 


- 1336° 

SK2-9 

762° 

700° 

670° 

Dolour of vapour 


V 

purple, >t*llow 
Hunnsccmv 

urn- n 

greenish-blue 

blue 

Action on w r ater 


slow 

rapid , 
h>drogen 
does not 
burn 
Xa 2 0 

rapid , 
hydrogen 
burns 

K..O 

rapid ; 
hydrogen 
burns 

Rb*0 

rapid ; 
hydrogen 
burns 

( VuO 

Oxides 


LLO 

Xa 2 0, 

K*O t 

Rb 2 0 2 

0s 2 0 2 


Li jOjj 

Na..() 3 

Na( ) 2 

k.,o 3 

KO, 

Kbjj0 3 

Rb0 2 

CsO a 


The salts of the alkali metals are colourless unless the acid ion (e.g. 
in chromates and permanganates) is coloured. The alkali polysulphides 
are yellow or red. 


Sodium 

History. — Metallic sodium and potassium were discovered by Davy in 
1807 ; the method (electrolysis of fused caustic alkali) was first triod with 
potash, and potassium was the first alkali metal isolated. Davy says : 

41 A small piece of pure potash which had been exposed for a few' seconds 
to the atmosphere, so as to give conducting power to the surface [by 
attraction of moisture, and slight deliquescence], was placed upon an 
insulated disc of platina, connected w ith the negative side of the battery 
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... in a state of intense activity ; and a platina wire, communicating with 
the positive side, was brought in contact with the upper surface of the 
alkali. . . . The potash began to fuso at both its points of electrization. 
There was a violent effervescence at the upper surface ; at the lower, or 
negative surface, there was no liberation of elastic fluid, but small globules 
having a high metallic lustre, and being precisely similar in visible charac- 
ters to quicksilver, appeared, some of which burnt w ith explosion and bright 
flame, as soon as they were formed, and others remained, and were merely 
tarnished, and finally covered with a white film which formed on their 
surfaces. These globules, numerous experiments soon showed to be the 
substance 1 was in search of, and a peculiar inflammable principle) the basis 
of potash.” 

The experiment may be carried out In laying a piece of moist stick potash 
on a piece of platinum foil connected with the negative pole of a battery, and 
touching the potash with a platinum w ire connected with the positive pole, 

Gay-Lussac and Thenard m ISOS showed that when molten caustic 
potash or soda is brought in contact with rod-hot iron turnings, the iron 
is oxidised and the alkali metal distils off. At the same time a considerable 
amount of hydrogen is evolved. The caustic alkalis were thou recognised 
as hydroxides, KOH and NaOH, of the metals potassium and sodium, not 
the oxides as Davy supposed. 

The presence of hydrogen m caust ic potash or soda may be shown b\ 
heating a mixture of the powdered alkali with iron filings in a hard-glass 
tube. Hydrogen is evolved, and may be ignited at a jet fixed to the tube. 


Metallic sodium.— Sodium may be obtained by beating sodium 
peroxide with carbon, or sodium hydroxide with magnesium. Although 
first prepared by Davy from sodium hydroxide by electrolysis : 

2NaOH - 2Na \ H 2 (cathode*) i 0 2 (anode). 


metallic sodium was for many years produced oil t he large scale by a 
process due to Caatner (1880) : sodium hydroxide was heated with 
j. carbon and iron at 1000°: ONaOH 

2C - 2Na + 3H 2 h 2Na 2 (X) :{ . In \XW 
Cast tier, on account of the development 
of cheap electricity, was able to revert 
to Davy’s original process and sodium 
is now produced by this method. 



The sodium hydroxide is fused in «» 
cylindrical iron pot (Fig. 350) by gn* 
burners. A cylindrical iron eathoiF 
passes up through the base and is sealed 
by solidified sodium hydroxide into a 
prolongation of the pot. The anode is >» 
cylinder of nickel in electrical connect i< 
with a wire-gauze cylinder surroimdim 
the cathode. The metal rises from the cathode and floats on the surbw 
of the sodium hydroxide inside a small metal receptacle provided wiL 


Fn 


35(1. -Production of sodium 
by electrolysis. 
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a, lid. 11 is removed by a wire-gauze apoon, which allows the fused sodium 
hydroxide to flow away but retains the sodium. The sodium is sent out 
sealed up in tin cans in the form of thick rods. 

The electrolysis of sodium chloride, alone or mixed with potassium 
or calcium chloride or sodium fluoride, is also used to some extent in the 
Downs cHl, which is similar to the Castner cell except that the central 
electrode is an anode of carbon from which chlorine is evolved ; 
it is surrounded by an annular iron cathode on which the sodium 
deposits. 

Sodium is a silver-white, very soft metal of low melting point. It 
may be obtained in octahedral crystals on slow cooling of fused sodium. 
It is lighter than water, it is a good conductor of electricity (about a 
third as good as silver). Sod it mi forms a purple vapour and a purple 
colloidal solution in ether. Sodium is used in some types of electric 
discharge lamps. The clean, freshly-cut surface of the metal rapidly 
tarnishes in the air, so that the metal is usually kept under petroleum. 
It burns when heated in moist oxygen or chlorine, and acts violently on 

vn,ter : 2Na - 2H X) =■ 2NaOH + H., 

When a small piece of sodium is thrown on water it moves about rapidly, 
hydrogen being evolved. The rise in temperature is not sufficient to 
kindle the hydrogen unless t I k* piece of metal is kept in one place by 
putting it on starch jelly, when the hydrogen burns with a flame 
coloured yellow by sodium vapour. (Explosions sometimes result). 
Sodium amnUjam is obt ained b\ pressing small pieces of the metal into 
mercury in a mortar by means of a pestle : each piece reacts with a 
small explosion and a flash of light. The amalgam is solid if more than 
1 part of sodium is added to SO of mercury. 

Sodium hydride. Sodium hydride Xall is prepared by passing a slow 
stream of dry hydrogen over sodium m a nickel boat, heatod m a. glass tube 
at 3 (»&'■', Colourless matted crystals form on tlio upper cooler portion of the 
tube just beyond the boat. It. is decomposed by water with evolution of 
hydrogen : Null + iLO NaOH +IL, and by concentrated sulphuric acid 
with formation of sulphur and hxdmgen sulphide. On heating above 330° 
»t dissociates rapidly : 2XaH , 2Na x IL. It absorbs carbon dioxide, pro- 
ducing sodium formate : Nall i H) a ll.COOXa. 

Sodium chloride. Sodium chloride NaTl, common salt, occurs in 
nature in cubic crystals of rock wilt, cojourloss when pure but often 
tinged yellow% brown, or sometimes blue, by impurities. Hock salt also 
occurs in large masses which readily break into small cubes. The richest 
English deposits are in Cheshire ; salt is also found in most other parts 
>f the world. More or less concentrated (about 25 per cent) solutions 
'brines) also occur in many places, or are artificially produced by letting 
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water down to the rock salt and then pumping. The waters of the Dead 
Sea and the Great Salt Lake of Utah are concentrated solutions of 
common salt. The Dead Sea water is also rich in bromides, and is now 
an important source of bromine : it is evaporated, when much common 
salt separates out, and the residual liquor is then worked for bromine 
by chlorination (p. 317). Some salt is made in hot climates from sea 
water (2*5 -3 per cent NaCl), which is allowed to evaporate in large flat 
ponds called “ salt meadows ” by the heat of the sun, such salt being 
called “ solar salt The mother liquor is called bittern and contains 
magnesium bromide. 

Usually the brine is evaporated in large flat iron pans over fire flues. 
The more slowly the evaporation proceeds the larger are the crystals of salt 
formed : the grades are fine (or table) salt, manufacturer’s salt, fishery salt, 
and bay salt (usually in the form of floating “ hoppers ”, or cubes witli 
hollow faces). In modern w'orks the brine is evaporated in multiple-effect 
vacuum pans with steam heat, the calcium and magnesium salts having 
first been separated by adding lime and then sodium carbonate. 

Pure sodium chloride is made in the laboratory by precipitating a 
saturated solution of common salt w ith hydrogen chloride gas. It forms 
a saturated solution in water at 15° containing 35*8 parts of salt to 100 
of water (26 per cent) and the solubility increases only very slowly with 
rise of temperature. By cooling a saturated solution to - 10°, or by 
cooling a- hot saturated solution in hydrochloric acid, a hydrate 
NaCl,2H 2 0, is deposited. 

Common salt is used in flavouring and preserving food, preserving 
hides, as an industrial source of soda, hydrochloric acid and chlorine, 
in “ salting out ” soap, melting snow on roads, and glazing common 
stoneware. 

In ‘‘salt glazing “ stoneware (e.g. drain -pipes) common salt is thrown 
into the furnace in which the goods are fired and is volatilised. In presence 
of water vapour and the silica of the clay, the salt forms a fusible silicate 
glaze and hydrochloric acid is evolved : 


SiO, *! 2NaCl + H a O =Na,SiO, +2HC1. 


Sodium bromide NaBr and sodium iodide Nal, are similar to the chloride 
in general properties and are prepared as explained on pp. 322 and 
331, respectively. From hot solutions they form anhydrous cubi< 
crystals, but by evaporating at room temperature, monoclinic crystals 
containing 2H 2 0, isomorphous with the corresponding sodium chloride 
hydrate, are deposited. Sodium fluoride NaF is made by neutralising 
hydrofluoric acid with sodium hydroxide and forms anhydrous cubit 
crystals rather sparingly soluble in water. Sodium hydrogen fluoride NaHF 
or NaF,HF is prepared by the reaction NaF + HF - NaHF 2 . 
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Sodium oxides. The two common oxides of sodium are the monoxide 
Na 2 0, and the peroxide Na 2 0 2 . Sodium monoxide is obtained either by 
burning sodium at 180° in a limited supply of air or oxygen and distilling 
off the excess of metal in a vacuum, or by heating sodium peroxide, 
nitrate, or nitrite with sodium : 

2NaNO a + lONa 6Na 2 0 + N 2 . 

It is a white amorphous mass which decomposes at 400° into the per- 
oxide and metal. It reacts violently with water : 

Na 2 0 + H 2 0 -2N»OH, 

hut does not absorb carbon dioxide at the ordinary temperature. 

Sodium peroxide Na 2 0 2 is obtained by burning sodium in excess of 
air or oxygen. It is manufactured by heating sodium at 300° in 
aluminium trays in a current of purified air in iron pipes. In another 
process the sodium is burnt to monoxide in a revolving iron drum and 
the monoxide then transferred to a second heat-lagged revolving iron 
drum where it is oxidised by air to the peroxide. Sodium peroxide is 
yellow, becoming white on exposure to air from formation of sodium 
hydroxide and carbonate. When very strongly heated it evolves 
oxygen. A solution may he prepared by adding the powder in small 
quantities at a time to a well-stirred mixture of ice and water, a crys- 
talline hydrate Na 2 0 2 ,8H 2 0 being formed. The liquid is strongly 
alkaline, owing to hydrolysis : 

Na 2 G 2 + 2H 2 ();r *2NaOH + H 2 G 2 , 

and on warming oxygen is evolved from the hydrogen peroxide. Carbon 
dioxide decomposes sodium peroxide with evolution of oxygen : 

2Na 2 (> 2 • 2CO* 2Na 2 C0 3 -t 0 2 , 

hence the solid has been used for purifying air in confined spaces (e.g. 
in submarines). Carbon monoxide is absorbed: Na 2 0 2 + C0~ 
Na 2 C0 3 . The solution is an oxidising agent, e.g . it converts moist 
chromic hydroxide into sodium chromate ; fused sodium peroxide has 
powerful oxidising properties, converting chrome-ironstone FeCr 2 0 4 
into ferric oxide and soluble sodium chromate (p. 889). It also oxidises 
iron pyrites : 

2FeS a -l- 15Na 3 O a Fe 2 0 3 + 4Na 2 S0 4 + llNa 2 0. 

If a little sodium peroxide mixed with sawdust Is placed on filter -paper 
and moistened with wator, the mass inflames. ( Ilacial acetic acid inflames 
when the peroxide is dropped into it. If sodium peroxide is mixed with 
pieces of recently ignited charcoal and heated in a covered porcelain 
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crucible, a violent- miction occurs and metallic sodium condenses on the 
lid of the crucible : 3 Na 2 0 2 + 2C 2Na 2 C() 3 4 2Na. 

When sodium peroxide is treated with absolute alcohol at 0°, a white 
powder of sodium hydrogen peroxide Na-O O H, is formed : Na 2 () 3 l EtOH. 
= NaOEt \ NaOOH. it explodes on boating, evolving oxygen and forming 
sodium hydroxide. A stable compound, 2NaH0 2 ,H 2 0 2 , is formed on mixing 
30 per cent hydrogen peroxide with sodium etlioxide (NaOEt) and absolute 
alcohol, or by-the action of an other solution of H 2 0 2 on sodium. Potassium 
peroxide forms 2KH0,,H 2 0 2 . 

Sodium peroxide is used for making kk perborate ” (p. 058) and also 
benzoyl peroxide for bleaching flour. 

Sodium hydroxide .---Sodium hydroxide or caustic, soda is (drained very 
pure by dro]>ping small bits of sodium, or sodium wire from a sodium 
press, into previously boiled and cooled distilled water in a silver dish, 
evaporating the solution and fusing the caustic soda (in. pt. 318°). 
Sodium hydroxide is made on the large scale : 

(1 ) By the electrolysis of a solution of common salt. In the Castner- 
Kellner cell (p. 205) pure sodium hydroxide is obtained by way of 
sodium amalgam : in ceils in which the brine is not mechanically 
separated from the sodium hydroxide produced (cjj. the Gibbs cell, 
]). 205), the solution also contains undeeomposed common salt, say 12 
per cent of each. It is then evaporated in a vacuum evaporator with 
an arrangement for removing the common salt which separates. When 
it contains 50 per cent of NaOH . only 1 per cent of Nad remains. The 
solution is then evaporated in iron pots over a free fire and the sodium 
hydroxide finally fused. 

(2) In the L6wig process, a mixture of sodium carbonate (soda-ash) 
and ferric oxide is heated to bright redness in a revolving furnace, when 
sodium ferrite NaFe0 2 (or Na 2 0,Fe 2 0 a ) is formed : 

KiuCO, f Fe 2 0.| - 2NaFc0 2 i CO,. 

The mass is cooled, broken up, and thrown into hot water, when the 
sodium ferrite hydrolyses with formation of sodium hydroxide and 
insoluble ferric oxide, which is used again : 

2NaFeO, -i H,0 -- Fe 2 0 3 + 2NaOH. 

(3) By heat ing a 20 per cent solution of sodium carbonate* with slaked 
lime in ail iron vessel fitted with agitators : 


Na,CO a 4 Ca(OH),^CaCO a 4 2NaOH. 

The reaction is reversible, but by using an excess of lime and a solution 
of sodium carbonate which is not too concentrated, a fairly pure solution 
is obtained. The filtered solution is evaporated as before, and the 
sodium hydroxide fused. The commercial sodium hydroxide is supplied 
fused in drums, or in the form of sticks, coarse pow'der, or pellets ; the 
last is a convenient form for laboratory use. 
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> Sodium hydroxide is a white slightly translucent solid with a fibrous 
crystalline texture, in. pt. 318-4' dissociating at about 1300° : 2NaOH 
— 2Na j-H 2 4 0 2 . Sodium hydroxide is a powerful cautery, breaking 
down the proteins of the skin and flesh to a pasty mass. When exposed 
to air it first deliquesces from absorption of moisture and a little carbon 
dioxide, forming a saturated solution. The solution then slowly re- 
solidifies from absorption of carbon dioxides, when the carbonate 
Na 2 C0 3 , which is sparingly soluble in sodium hydroxide solution, is 
formed. Potassium hydroxide does not resolidify, since potassium 
carbonate is readily soluble, and for this reason a concentrated solution 
of potassium hydroxide is used in gas analysis to absorb carbon dioxide, 
since it does not deposit solid which would choke the apparatus. There 
are several hydrates of sodium hydroxide e.g. NaOH,H a O m. pt. 64°, 
and NaOH,2H a O, m. pt. I2*7\ 

The densities of sodium and potassium hydroxide solutions are given 
in the table : 


Density. 


Per cent. 


XuOll. 

KOH. 

5 


1 *0555 

1*0452 

10 - 

- 

Mill 

1*0918 

15 

- 

] • 1 005 

11390 

20 - 


- 1*2219 

M 884 

25 - 

- 

- 1*2770 

1*2384 

30 - 

- 

- 1*3310 

1 *2905 

35 

- 

- 1 3835 

1*3440 

40 - 

- 

- 1 434 

1*399 

45 - 

- 

- 1 482 

1*150 

50 - 


- 1 *530 

1*514 


Sodium carbonate. — Anhydrous sodium carbonate (soda-ash) is a 
white amorphous powder, m. pt. 852 \ which aggregates on exposure 
to moist air owing to the formation of hydrates. When added to water 
much heat is evolved, and the hydrated salt formed usually sets to a 
mass, which then slowly dissolve's. The solution is distinctly alkaline 
owing to hydrolysis (the deeinormal solution is about 3 per cent 
hydrolysed), and on boiling it slowly loses carbon dioxide : 

Na 2 00 ;t - 2Na' * CO /' 

C0 3 " + H..0 c' HOG/ j OH' 

Ha) ;I V-K)li' i C0 2 . 

On evaporating the solution and cooling, large monoclinic crystals 
of washing soda Na s CO a ,I0H 2 O are deposited. These effloresce in air 
and on heating at 35*4°, forming a white powder of the monohydrate 
Na 2 C0 3 ,R 2 0, also deposited from hot solutions and known as crystal 
carbonate . Other hydrates are known, e.g. two forms of Na 2 C0 3> 7H 2 0. 
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Solutions containing less than 6*3 gm. Na 2 0O 3 per 100 gm. water deposit 
ice on cooling (curve AD , Fig. 357). B is the eutectic point at -2*1°, where 
ice, solid Na 2 CO 3 J0H 2 O, and a solution containing 6*3 gm. Na 2 0 0 3 por 100 
gm. water, are in equilibrium with water vapour. More concentrated solu- 
tions do not exist in stable equilibrium with ico and Na 2 00 3 ,l()H 2 0, yet a 
solution of 18-46 gm. Na s C0 3 in 100 gm. water may on cooling become un- 
saturated with respect to deeahydrate and deposits ico at - 7-5°. BC is 



Fiu. 357. — Solubility curves of sodium carbonate. 


the stable part of the solubility curve of deeahydrate (the ordinary “ solu- 
bility curve ”). At C the solid deeahydrate changes at 32° into a rhombic 
heptahydrate, a-Na 2 r0 3 ,7H 2 0. Cl) is the stable solubility curve of this 
hydrate, which may be prolonged on both sides into metastable regions 
shown by dotted lines. At 1) the heptahydrate changes at 35-4° into 
monhydrate, Na 2 C0 3 ,H 2 0, the solubility curve of which, with a pro- 
longation into a motastable region shown dotted, is DK. Another 
heptahydrate, j8-Na f C0 8 .7H a (), which is always metastable, separates 
along FG. 

A compound of sodium carbonate with sodium bicarbonate is sodium 
sequicarbonate Na 2 C 03 ,NaH(/ 0 ;j , 2 H 2 0 , which occurs native as trona or 
urao in various localities ami is produced by the spontaneous evapo- 
ration of soda lakes, e.g. in Egypt. Large deposits occur in Owens Lake 
in California, and Lake Magadi in British East Africa. The sesqui 
carbonate is also made artificially by crystallising equimolceular 
amounts of carbonate and bicarbonate from a solution in warm water , 
the artificial salt is known as concentrated soda crystals and is used in 
wool washing. It is neither efflorescent nor deliquescent. 

Sodium carbonate is manufactured from common salt by the Leblanc 
process (now almost obsolete) and the Ammonia-Soda process. Sodium 
carbonate was formerly prepared by burning plants growing on the sea- 
shore ( Ghenopodium , Salicornia , Balsola etc.), the ash being called 
barilla and used in the manufacture of soap. When Stahl pointed on* 
that the base of common salt is an alkali, attempts wen* made to obtain 
soda from this source. An early process was that of Scheele (1773), in 
which salt is decomposed by boiling with litharge : 2NaCl f 4PbO 
H 2 0~2Na0H + PbCl 2 ,3PbO. The same chemist also observed that u 
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mixture of lime and salt when moistened, slowly effloresced in air with 
the formation of sodium carbonate. The first satisfactory preparation 
of alkali from common salt was the Leblanc process (1787). 


The Leblanc process. — In this process, sulphuric acid is heated with 
common salt to form sodium sulphate (salt-cake) as described on p. 210 : 

NaCl + H 2 S0 4 - NaHS0 4 + HOI 
NaCl + NaH S0 4 - Na 2 S0 4 + HC1, 
the hydrochloric acid being absorbed in water. 

The sulphuric acid may be; made from pyrites, in which case the burnt 
pyrites may contain 
copper and sometimes 
silver and gold, which 
are extracted as a part 
of the process. 

The salt-cake is then 
mixed with carbon (coal 
slack) and crushed lime- 
stone and heated in a 
black-ash furnace (Fig. 

358), which is a large 
revolving iron cylinder 
lined with firebricks, 



through which flames from a gas producer pass, 
is reduced to sodium sulphide by the carbon : 

Na*S0 4 4- 20 - Na,S + 2C0 2 


Fig. 358. — Black-ash revolving furnace. 

The sodium sulphate 


and the sodium sulphide then reacts with limestone to form sodium 
carbonate and calcium sulphide : 

Na 2 S 4 CaC0 3 = Na a P0 3 + CaS. 

When reaction is complete the red-hot pasty mass is discharged 
through a man-hole and when cool is lixiviated with water in tanks to 
dissolve the sodium carbonate, leaving the calcium sulphide and 
impurities as alkali wartt. The solution may be evaporated in pans to 
make crude sodium carbonate, but is usually heated with slaked lime to 
form sodium hydroxide. Since the product is impure and may contain 
sodium sulphide, some sodium nitrate is added to the fused sodium 
hydroxide to oxidise the sulphide, when a white product is obtained, 
but this contains sodium nitrite and sulphate as impurities. 

The complete Ixdilane process is dying out, but sodium sulphate (salt 
cake) is made for the sulphate process for making cellulose from wood 
pulp. 

The ammonia-soda process. -When carbon dioxide is passed into 
a nearly saturated solution of common salt containing ammonia, 
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ammonium carbonate is formed anti this tends to pass into ammo- 
nium bicarbonate, which reacts with t he sodium chloride to form sodium 
bicarbonate and ammonium chloride. Sodium bicarbonate is sparingly 
soluble in a solution of sodium chloride or ammonium chloride, and 
mostly separates as a solid which may he filtered off and heated to form 
sodium carbonate : 

2NH 3 4 H 8 0 4 C0 a - (NH 4 ) 3 (lO a 
(NH 4 ) 2 (;o 3 + H ,0 -4 Cih -2NH 4 HC0 3 

NaCl * NH 4 H(lV^NaHC() 3 4 NH 4 C1 

2NaH00 3 = Na 3 C0 3 f C0 3 4 H 2 0. 

The reaction was discovered by Fresnel about 181(1. It was worked for 
a year or two in Scotland by John Thorn in 1 836 hut was not successful. 
Dyur and Hemming took out a patent f‘«>r it in 1838 and worked it for a 
short time in London. It was also worked near Paris by ftcbloesing and 
Holland in 185r>, but was first successfully used by Emost Nolvay, whose 
first patent \wis taken out in 1801, but whose process was lirst worked on a 
large scale near Nancy in 1872. The Nolvay process was introduced into 
England in 1874 by Ludwig Mond and John Rninuer, whoso works at 

Northwieli in Cheshire is still operated 
by Imperial Chemical Industries Ltd. 

In the ammonia-soda process salt 
brine nearly saturated with common 
salt is taken and ammonia gas dis- 
solved in it in an iron tower fitted 
with bubblers. Carbon dioxide is 
then bubbled under pressure into the 
ammoniaeal brine in a second iron 
carbonalhuj tower (Fig. Job) fitted 
inside with perforated bubblers, the 
lower part of the tower being cooled 
by iron pipes (not shown in the figure 4 ) 
through which cold water circulates. 
The sodium bicarbonate precipitates 
and the liquid containing it in sus 
pension is passed to rotating suction 
filters, on which the solid sodium 
bicarbonate is washed with a little 
water. The mother liquor contains the* undecomposed common salt and 
ammonium carbonate and chloride ; it is passed to ammonia stills where 
it is heated by steam with milk of lime to recover the ammonia : 

2NH 4 CI + Ca(0H) # « 2NH. t +CaCL 4 2H 2 0. 

The reaction Nad -f N H 4 liC0 3 NaHC0 3 -f- N H 4 C1 is reversible and 
only about two-thirds of the common salt is converted into bicarbonate 
the rest is wasted together with the chlorine of the decomposed salt, 
which forms calcium chloride in the ammonia stills. 

The sodium bicarbonate from the filters is calcined in closed tubuku 


Gas outlet 
to absorbers 
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calcining pans, fitted with scrapers which push the solid along the pan. 
Carbon dioxide is evolved : 

2NaHC0 3 - Na,(T) 3 4 11,0 4 C0 2 . 

This nearly pure carbon dioxide ( tv roaster 00, ”) is mixed with the 
scrubbed gas containing carbon dioxide and nitrogen from limekilns , 
where the limestone is burnt mixed with coke to produce lime for the 
ammonia stills. The mixed gas is passed to the carbonating towers. 

Sodium carbonate or soda-ash issues from the calcining pan. This is 
nearly pure (99*5 per cent) and usually contains only a little sodium 
chloride from the mother liquor left in the bicarbonate on the filters. 

From the soda-ash washing soda Na,C0„l<)H 2 0 is made by dissolving 
in hot water and crystallising. (Crystal carbonate Na a C0 3 ,H 2 0 is formed 
by evaporation and separates from the hot solution. Concentrated 
soda crystals Na 2 C0 a ,NaJHC0 3 ,2H 2 0 art 1 made by crystallising a hot 
solution of equimolccular amounts of carbonate and bicarbonate. 
Sodium hydroxide is made by boiling a solution of the carbonate with 
lime, as described on p. OHS. The ammonia-soda process is more econo- 
mical and gives a purer product than the Leblanc process. 

Sodium bicarbonate. — Sodium hydrogen carbonate or sodium bicar- 
bonate is formed in large quantities in the ammonia-soda process, but 
is all converted into carbonate, the bicarbonate of commerce being 
prepared from the latter. A concentrated solution or moist crystals of 
sodium carbonate when saturated with carbon dioxide give a white 
crystalline powder of bicarbonate. This may be washed with a little 
cold water, in which it is sparingly soluble, and dried in the air : 

Na,U(), t HyO \ C 1 0 2 = 2NaHC0 3 , 
or (XV' 4 (X) 2 H,0 ^ 2HCXV . 

The precipitation is due to the fact that in concentrated solutions the 
solubility-product [Na* j x [HUO./ ] of the salt is exceeded. 

The precipitated bicarbonate is freed by washing from impurities 
contained in the original carbonate (r.g. NaCl), since these are more 
soluble, and if it is gently ignited in a platinum crucible pure sodium 
carbonate is formed, which may be used as a standard in volumetric 

analysis : i>NaHCO a = Na,00 : , + H.O -i CO,. 

The solution of the bicarbonate is slightly hydrolysed and has an 
alkaline reaction, although much feebler than that ot the carbonate : 

HOty i HoO ^ OH ' 4 H 0 CO 3 . 

On heating the solution, carbon dioxide is evolved : 

H 2 C 0 3 = H 2 0 4 (X) 2 . 

By prolonged boiling practically all the bicarbonate is converted into 
carbonate, and if crude bicarbonate from the ammonia-soda process is 
boiled with water the ammonium salts present in it as impurity are 
decomposed and ammonia is evolved. On recarbonating, by passing 
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in carbon dioxide, nearly pure sodium bicarbonate is precipitated, and 
the commercial salt is made in this way. 

Sodium silicate. — Sodium silicate (soluble glass) is made by melting 
together sodium carbonate and powdered quartz or pure sand in a 
reverberatory furnace at a high temperature. Various silicates are 
formed, and the composition may vary from § to 4 Si0 2 to I Na 2 0 : 

Na 2 C0 3 4 Si0 2 - Na 2 Si0 3 4 C0 2 . 

A mixture of sodium sulphate (salt-cake) and powdered coal may be 
substituted for sodium carbonate : 

Na 2 S0 4 4 - 2C = Na 2 S 4 200 2 
Na 2 S 4 3Na 2 S0 4 4 4Si0 2 = 4Na 2 Si0 3 4 4S0 2 , 

but sodium carbonate is now mostly used. The product is a greenish - 
blue glass (brown if sodium sulphide is present), which when broken up 
and heated w T ith water under pressure in autoclaves slowly dissolves to 
a thick solution called water glass , which may contain 2 to 4 molecules 
of Si0 2 to 1 molecule of Na 2 0. It is alkaline and is used in adding to 
soap, impregnating wood, weighting silk, as a mordant, in making 
bricks non-porous, as an adhesive in making cardboard boxes, treating 
cement floors to reduce dust and abrasion, for preserving eggs, and 
other purposes. The crystalline sodium metasilicate Na 2 {$i0 3 ,5H 2 0 is 
readily soluble in cold water and is used in laundries. 

Sodium nitrate .— Sodium nitrate NaN0 3 can be prepared in the usual 
way from nitric acid and sodium hydroxide or carbonate, but occurs 
native in large deposits in the rainless districts of Chile, hence it is 
often called k ‘ Chili saltpetre ” or “ Chili nitre ”. 

The sodium nitrate m the deposits constitutes from 20 to 50 per cent in a 
distinct stratum of earth known as caliche. The caliche is crushed anti 
lixiviated in large tanks of water boated by steam. The settled solution is 
run off to crystal liners, where crude nitrate separates, the mother liquors 
being run back to the lixi viators. The crystals are washed with a little 
water ami dried in the sun : they contain 95- 96 per cent of NaN() 3 . Most 
of the export of Chile nitre is used directly as a fertiliser ; the remainder is 
used to make potassium nitrate and nitric acid. 

Sodium nitrate crystallises in rhombohedra resembling cubes, isomor- 
phous with calcite, hence it is sometimes called “ cubic nitre ”. It 
differs from potassium nitrate in being deliquescent. It melts at 310 
and at higher temperatures evolves oxygen, leaving sodium nitrite : 

2NaN0 3 = 2NaN0 2 4 0 2 . 

The reduction occurs at a lower temperature in presence of lead, which 
is oxidised. 

Sodium nitrite NaN0 2 is made by heating sodium nitrate with lead 
(p. 551 ) : NaNO., + Pb = NaN0 2 + PbO. 
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Sodium phosphates. — Ordinary (secondary) sodium phosphate (di sodium 
hydrogen phosphate) is prepared by neutralising phosphoric acid with 
sodium hydroxide or carbonate and evaporating. It forms efflorescent 
monoclinic crystals Na 2 HP0 4 ,12H 2 0, readily soluble in water. The 
effloresced salt contains 7H 2 0. The solution is faintly alkaline : 

HP0 4 " + H 2 0 =* H 2 P0 4 ' -f OH '. 

Microcosmic salt or sodium ammonium hydrogen phosphate 
NaNH 4 HP0 4 ,4H 2 0, is formed by dissolving 6 grn. of ammonium 
chloride and 36 gm. of ordinary sodium phosphate in a little hot water, 
filtering from the sodium chloride, and crystallising. 

The primary sodium phosphate NaH 2 P0 4 ,H 2 0 {sodium dihydrogen 
phosphate) is prepared by adding phosphoric acid to a solution of the 
ordinary phosphate until a little of the solution no longer precipitates 
barium chloride, evaporating and crystallising. Trisodium phosphate is 
prepared by dissolving ordinary sodium phosphate and sodium 
hydroxide in hot water and evaporating, when on cooling crystals of 
Na 3 P0 4 ,12H 2 0 separate, which arc neither efflorescent nor deliquescent. 
The solution has an alkaline reaction, owing to hydrolysis : 

P0 4 ' H 2 0 ,- HP0 4 " t OH'. 

It has been used under the name of “ tripsa ” for softening boiler- 
water. The calcium bicarbonate is precipitated as carbonate by the 
alkali formed by hydrolysis, and calcium and magnesium chlorides and 
sulphates are precipitated as phosphates. The hexametaphosphate (p. 58 - 1 ) 
is now generally used in water-softening. 

Sodium pyrophosphate Na 4 P 2 0 7 is obtained by heating the secondary 
phosphate (p. 582), and sodium metaphosphate NaP0 3 by heating the 
primary phosphate or microcosmic salt (p. 584). 

Sodium sulphate. — Anhydrous sodium sulphate Na 2 S0 4 occurs native 
as thenardite , and glauherite is the double salt CaS0 4 ,Na 2 S0 4 . The 
efflorescence on brick walls is usually sodium sulphate. Sodium sul- 
phate is made as salt-cake in the first part of the Leblane process (p. 210). 
It is also made by the Hargreaves process in which sulphur dioxide from 
pyrites burners, air and water vapour arc passed over carefully moulded 
lumps of dry common salt heated in an iron retort , w hen the following 
reaction occurs : 

4NaCl + 2S0 2 4 2H 2 0 + 0 2 - 2Na 2 S0 4 -< 4HC1. 

Sodium sulphate is also made from ktesvrUc (p. 776) or magnesium sul- 
phate in Stassfurt. This is dissolved in hot water and common salt added. 
On cooling, Glauber's salt crystallises, as it is the least soluble salt which 
can he formed from the ions Mg", Na’, 80/' and (T in the cold solution. 

Sodium sulphate crystallises from water as Glauber s salt 
Na 2 S0 4 ,10H 2 0 in large monoclinic prisms which effloresce readily in 
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the air and fall to a white powder of the anhydrous salt. Glauber’s salt 
is largely used in the textile industry and in small amounts as a purga- 
tive. 


The crystals melt at 32-38° and at the same time deposit a whito powder of 
the anhydrous solid salt, a solution saturated with the latter being formed. 
The solubility of Glauber’s salt reaches a maximum at 32-38°, since at this 
temperature the solid in contact wit li the solution is converted into the 
anhydrous salt, the solubility of which decreases with further rise of tem- 
perature. The solubility eurvo (soe Tig. 53) consists of two parts meeting in 
a sharp angle at 32 38 , the lirst being the solubility curve of Glauber’s salt 
and the second that of the anhydrous salt. 

Glauber's salt readily forms supersaturated solutions. If the super- 
saturated solution is brought m contact with a minute crystal of Glauber’s 
salt, such as those floating in dusty air, crystallisation begins and Glauber's 
salt is deposited. Hut if cooled to 5 it deposits crystals of a metastable 
he pt ah yd rate Na 2 S() 4 ,7H 2 C), which become opaque when touched with a 
crystal of Glauber’s salt owing to decomposition : 

2(Na,S() 4 .7H t O) Na a SO 4 .l0H s O t Na,SC ) 4 -t 4H 2 G. 

Sodium hydrogen sulphate NaHS0 4 (or “ sodium bisulphato ”, Na 2 0,2S0 ;j . 
H 2 0) is formed in large prisms by cooling a solution of anhydrous 
sodium sulphate in warm concentrated sulphuric acid. It is formed in 
the preparation of hydrochloric acid (p. 209). It melts at a much lower 
temperature, 185*7°, than the normal sulphate. A fused mixture or 
compound of this salt and the normal sulphate, Na 2 S0 4 ,NaHS0 4 , is 
formed as a by-product in the manufacture of nitric acid and is known 
as nitre-cake. The hydrate NaHS0 4 ,H 2 0 is known. The solution of 
NaH»S0 4 has an acid reaction : HN0 4 ' 7 S0 4 " 1 H *. Sodium hydrogen 
sulphate is decomposed by alcohol into the salt NaliS0 4 ,Na 2 S0 4 and 
free sulphuric acid (dry KHS0 4 is not decomposed by dry alcohol) : 

3NaHS0 4 - Na 2 S0 4 ,NaHS0 4 + H 2 N0 4 . 

Sodium disulphate (or pyrosulphaie) Na 2 S 2 0 7 is formed on moderate 
heating of the acid sulphate : 

2NaH80 4 - Na L »S 2 0 7 + H 2 0, 
by the action of sulphur trioxide on common salt : 

2NaCl + 3S0 s - i\a 2 S 2 0 7 + S0 2 C1 2 , 

or (in the pure state) by the action of sulphur trioxide on the norrmi I 
sulphate : Na 2 S0 4 + iS0 3 - Na 2 S 2 0 7 . 

It melts at 400*9°, and at a red heat it decomposes into sulphur trioxidc 
and the normal sulphate. 

Sodium in analysis.— Sodium compounds give a yellow flame coloration, 
which in the spectroscope shows two yellow lines very close together, 
known as the D-line. A yellow precipitate of sodium zinc uranyl acetate 



XXXVI] POTASSIUM 697 

NaZn 2 (U0 2 ) 2 (C 2 H 3 O 2 ) 0 is produced by zinc uranyl acetate* in neutral 
solution, from which potassium salts hove been precipitated by zinc per- 
chlorate. White sparingly soluble precipitate* of sodium salts are formed 
with hydroliuosi licit* acid, potassium antimoiiate, or potassium dihydroxy- 
tartrate, and fairly concentrated solutions of sodium compounds. 

Sodium cyanide is made by the action of ammonia gas on a heated 
mixture of sodium and eburcoal {('astacr & /trovess). Sodamido first formed 
reacts with carbon in two stages: (i) „-«.(! .('N.NNtt* (sodium 

cyanamitlo) ( 211, (at 300' 600 ); (n) ( 'K.XXa, V - 2NaCN (at 700 - 
S00 n ). The fused cyanide obtained is cast into blocks. 


Potassium 

Occurrence. Potassium occurs much less accessibly than sodium, 
although it is widely distributed in the three kingdoms of nature. 

Primary rocks often contain potassium silicate ; granite contains about 
2,1 per cent of potassium, mainly m flic form of nrthoclasr felspar KA18i 3 0 8 . 
Potash aura or taascortfc has the* formula I\ 1 1 2 Al i} (Si() 4 ) 3 . Felspar occurs in 
granite, gneiss and basalt, and mica in granite and gneiss. During the 
“ weathering of these rocks, i .< . their decomposition by atmospheric 
carbon dioxide and water, assisted by the disintegrating action of frost, the 
felspar is decomposed into clay and soluble potassium salts, such as potas- 
sium carbonate (p. 624). The potassium salts are retained by the soil, 
where they remain available for absorption bv the roots of plants. The 
selective ret out ion of potassium -*n!ts In the soil seems if* depend on tho 
exchange of potassium for sodium m Oolites (see p. 185) such as natrolitc : 

Na,,| A1 ,Si.,O 10 ],2l lj,( ) • 2K‘ K # | A1 2 Si 3 O l0 |,2U a O • 2Na\ 

In plants, potassium occurs as salts of organic acids. When plants are 
burnt these organic salts form potassium carbonate K 2 r()j, which (since it 
was formerly made by calcining cream <>t tartar) was called salt of tartar. 
Large? amounts of potassium carbonate are made in Panada, Transylvania, 
and Russia by lixiviating wood ashes with water, evaporating the solution 
to dryness and calcining the residue in iron pots. The product is pot-ash 
and when purified is ptarl-ash. Sugar heels absorb from the soil consider- 
able amounts of potassium salts, which accumulate in the molasses known 
as vhtatwe nr ttchlvmpv. This is evaporated on open hearths and splashed 
by paddles in the fire gases (Borion furnace) ; tho syrup burns, leaving a 
residue of potassium carbonate. The vinesso may also be distilled in iron 
retorts, when methyl chloride and trimcthylamine are formed. 

The perspiration (sauit) of sheep is rich in potassium salts. If raw wool 
is washed with water, the brown liquid evaporated and the residue ealeined, 
about 5 parts of potassium carbonate remain per 100 of wool. This is a 
limited source of potassium salts. 

Onfry small quantities of potassium salts occur in the sea and are absorbed 
in marine plants, from the ashes of which (krlp) they may be extracted. 

*10gm. of uranyl acetate l T () 2 Ar.„ 2H«0 and 6 nil of acetic acid made up to 
50 nil. form solution A. 30 gin. of zinc acotuto ZnAc 2 , 2H 2 0 and 6 ml. of acetic 
acid made up to 50 nil. form solution B. Mix A and B and after 48 hours filter. 
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According to Dyer (1894), the minimum amount of soluble potash (K 2 0) 
in a fertile soil is 0 01 per cent ; the mean available potash content of 
British soils is 0 015 per cent. If successive crops are grown on the soil, the 
potassium compounds are removed and the soil becomes infertile. Trees 
remove annually 1*25 lb. of K 2 0 per acre, other plants more. In order to 
keep up the fertility of the soil, potassium compounds must be supplied 
and they are essential fertilisers. 

The blood serum of all animals contains 0*022 per cent of potassium and 
0*32 per cent of sodium. In the milk of carnivora, sodium and potassium 
occur in approximately equivalent amounts ; in that of herbivora and in 
human milk, potassium predominates (3*5 : 1). 

Although potassium compounds arc widely distributed, e.g. as felspar, 
comparatively few workable mineral deposits of salts occur. The 
principal are at Stassfurt in Saxony and near Mulhouse in Alsace, and 
in lesser amounts near Kalusz in Poland, Carlsbad in New Mexico, in 
Eastern Galicia, Searlc’s Lake (California), Cardona in Spain, Tunis, 
the Dead Sea (Palestine) and Elton Lake in the Urals, 

The Alsatian and Galician deposits contain sylvine or sylrinite , a 
mixture of sodium and potassium chlorides. The Alsatian deposit con- 
sists of two strata, the upper with 35 to 40 per cent KC1 and the lower 
with 24 to 32 per cent KC1. 

The arrangement of the Stassfurt deposits (discovered in 1839 in boring 
for rock-salt) is as follows : 

1. Upper layers, not containing potassium salts. 

2. Carnallite, chiefly KCl,Mg0J 2 ,6H 2 O. 

3. Kieserite, chiefly MgS() 4 ,H 2 0 — “ Abraum " salts, i.e. above common 
salt. 

4. Polyhalite , 20aS0 4 .MgS0 4 K 2 S0 4 ,2H 2 0. 

5. Kainitc , MgS0 4 ,Ka,3H 2 0. 

6. Lower layers, not containing potassium salts. 

The deposits were probably formed by the evaporation of an inland lake, 
as the ordor of the layers of salts is what would be expected in such a case 
(van’t Hoff). The chief source of potassium salts at Stassfurt is the carnal- 
lite (see p. 699). 

Potassium. — Metallic potassium can be made in a similar way to 
sodium by the electrolysis of fused potassium hydroxide, although the* 
operation is difficult to carry out. It comes into the market in small 
spheres, kept under petroleum. 

It may be obtained on a small scale by electrolysing a fused mixture of 
equimolecular proportions of potassium chloride and calcium chloride in a 
porcelain crucible provided with two carbon electrodes, and heated with a 
Bunsen burner placed on the anode side, so that a solid crust forms* over 
the cathode. A globule of potassium forms under the crust. 

Metallic potassium was formerly made by strongly heating a mixture 
of the carbonate with charcoal in an iron bottle, and cooling the vapour 
rapidly in a flat iron condenser: K g 0O 3 -f 20 = 2K -f 300. Unless the 
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cooling is rapid, reaction of the potassium with carbon monoxide occurs, 
with the formation of a yellow compound 0 6 O 6 lv 6 , which on exposure to 
moist air forms very explosive substances. 

Potassium can be prepared by the electrolysis of potassium cyanide, 
by heating potassium hydroxide or sulphide with iron, magnesium, or 
aluminium, or by heating calcium carbide with potassium fluoride. The 
pure metal is best obtained by heating potassium chloride with calcium 
in a vacuum. 

Potassium is a very light, soft metal, with a silver- white colour. It 
forms a green vapour. The metal is not acted upon by perfectly dry 
oxygen, but is rapidly corroded in moist air, becoming covered at first 
with a blue film. Potassium is chemically more energetic than sodium. 
Small pieces melt and take fire in air. It acts violently on water, the 
liberated hydrogen burning with a lilac-coloured flame. A fused 
globule of potassium hydroxide remains floating on the water ; as it 
cools and touches the water, it explodes with a sharp crack. Heated 
potassium decomposes nearly every gas winch contains oxygen ; it 
also decomposes the oxides of boron and silicon, and the chlorides of 
magnesium and aluminium, on heating, with liberation of the elements. 

An alloy of sodium and potassium is liquid at- room temperat ure and re- 
sembles mercury, but is very easily oxidised with evolution of hoat and 
light oil exposure to air. Potassium is feebly radioactive, the isotope 40 Iv 
emitting /5-ravs. 

Potassium hydride.— Potassium hydride KH is a white crystalline solid 
formed by heating potassium in hydrogen. It ignites spontaneously in 
chlorine or oxygen ; moist carbon dioxide at room temperature converts 
it into potassium formate : 

KH-f C() 2 - HUOOK. 

Potassium chloride. — This salt KC1 occurs in cubic crystals as sylvine. 
It is easily soluble in w ater, t he solubility increasing almost linearly with 
temperature (cf. Nad). It is made for use as a fertiliser from Stassfurt 
carnallite KCl,Mg01 2 ,fill 2 0. 

The crude carnallite is heated with mother liquor containing magnesium 
chloride, when it- dissolves. The solution is filtered and cooled, when crude 
potassium chloride crystallises out, leaving a mother liquor containing tho 
magnesium chloride of the carnallite. The potassium chloride is then 
purified by washing and rocrystallisation. When carnallite is fused, nearly 
pure potassium chloride separates, leaving fused magnesium chloride 
hexahydrate : 

K01,Mg01 2 , till 2 0 - KCl + MgCl 2 ,GH 2 0. 

Potassium bromide Kllr and potassium iodide HI are prepared as previously 
described (pp. 322, 331). 

If hydrofluoric acid solution is neutralised with potassium hydroxide 
and the liquid evaporated in a platinum dish, cubic crystals of potassium 
fluoride KF are obtained. If to the neutralised liquid a further equal 
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volume of hydrofluoric acid solution is added and the liquid evaporated 
in a platinum dish, crystals of potassium hydrogen fluoride KHF 2 or 
KF,HF, called Fremy’s salt , arc obtained. This may be dried by 
gentle heating and is relatively stable. On heating more strongly 
it decomposes : KHF 2 = KF + HF. The salts KH 2 F ; , and KH 3 F 4 are 
also known. 

Oxides of potassium. — Potassium monoxide K z O is light yellow and is pre- 
pared in a similar way to the sodium compound and has similar properties. 
Potassium dioxide K0 2 is a chrome-yellow solid formed by burning the metal 
in oxygen or air. It oxidises carbon monoxide to dioxide bolow 100°, 
and is decomposed by water : 

2 K() 2 + 2H 2 () 2KOH f J I 2 0 2 + O a . 

The common higher oxide of potassium is KO,, that of sodium is NaaO,. 
On heating KO, in vacuum it first forms K,Oj and then K,() 2 . 

Potassium hydroxide (caustic potash) is prepared in a similar way to 
sodium hydroxide, which it resembles closely in its properties. It is 
made on the large scale by the electrolysis of potassium chloride solu- 
tion and is used in the manufacture of soft soap (potassium salts of oleic, 
palmitic and stearic acids). The pure hydroxide is best prepared by 
adding powdered potassium sulphate to a hot saturated solution of 
barium hydroxide' : 

K 2 S0 4 + Ba(0H) a -BaS0 4 +2KOH, 
or by the action of water on potassium amalgam. The solutions attack 
glass, and should be decanted (not Altered) and evaporated in silver, 
nickel or iron dishes. Platinum is attacked by fused alkalis. 

Potassium hydroxide is more soluble than sodium hydroxide both in 
water and in alcohol, and the alcoholic solution (“ alcoholic potash ”) 
is used as a reagent ; it becomes brown owing to oxidation of the 
alcohol. Potassium hydroxide forms a crystalline hydrate KOH ,2H 2 (), 
m. pt. 35*5°, although solutions containing more than S5 per cent 
deposit KOH on cooling. 

The impuro commercial potassium hydroxide containing chloride, 
carbonate and sulphate may bo purified by dissolving in alcohol, decanting 
from the impurities, evaporating the solution in a silver dish and fusing the 
residue. It is sold as “ pure by alcohol ” but may contain a. little potassium 
acetate formed from the alcohol, and potassium nitrite if nitrate was added 
to purify the potassium hydroxide (soe p. 691). 

Potassium borates.- -Several potassium borates are described. Potassi um 
metaborate KBO a is prepared by fusing potassium carbonate with B 2 0 3 ; 
on adding potassium hydroxide to borf* acid till the solution is alkaline, 
a diborate which crystallises as K 2 B 4 0 7 ,/>II,0 is formed. By mixing 
H 3 BO 3 and 2K 2 C0 3 in hot solutions, a triborate 2KB 3 O 5 ,5H 2 0 is formed, 
whilst the pentaborate KB S 0 8 ,4H S 0 is made by saturating hot potassium 
hydroxide solution with boric acid and cooling. 
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Potassium carbonate. — K 2 00 ;j is extracted from wood-ash (p. 697), 
and when purified is called pearl-ash. It can be made from potassium 
chloride by a modification of the Leblanc process ; the chloride is first 
decomposed with sulphuric acid to form potassium sulphate as in the 
salt-cake process, and the sulphate is then heated with coal and lime- 
stone as in the black -ash process : 

2KC1 + H 2 S0 4 = KjjS0 4 4 2HC1 
KoS 0 4 2C Kott 4 2(/O g 
K 2 S + OaCO ;l - K 2 C0 3 4 CaS. 

Potassium carbonate is usually made from potassium chloride by 
the Precht process. 

A concentrated solution of potassium chloride is mixed with solid 
hydrated magnesium carbonate Mg(;0 3 ,3H 2 (), and carbon dioxide (limekiln 
gas) is passed into the suspension. A solid compound of potassium bi- 
carbonate and magnesium carbonate is precipitated and a solution of 
magnesium chloride is formed : 

3(Mg< ’03,311*0) + 2KUJ - rC> 2 _ ajMgC’O^KHC’O^H.O) 4 MgCl 2 . 

The solid double carbonate is then stirred with water and magnesium 
oxide at 40’, when a solution of potassium carbonate and a residue of 
hydrated magnesium carbonate are formed : 

2(Mg(().„K fiU().j,4H s O) i MgO ^3(MgCX) a ,3H 2 0) f K 2 U() 3 . 

The solution of potassium carbonate is filtered and evaporated. 

Potassium carbonate is a white* deliquescent solid, very easily soluble 
in water to form a solution which is strongly alkaline on account of 
hydrolysis : 

K 2 C0 3 d HoO - KH C0 3 + KOH 
or C0 3 " + H 2 0-HC0 3 -fOH'. 

One hundred parts of water dissolve : 

Temp, (f 2B C 40 00° 9(B 1 35° (h. pt. sat. sol.) 

KjCOa 1 Of) 113*5 117 127 140 205 

The concentrated solution on standing deposits monoclinic crystals of 
2K 2 0 Oj, 3H 2 O, and below 0 the hydrate K,(’O 3 ,0H 2 O crystallises. 

Potassium carbonate melts at 900° anti it forms a more easily fusible 
mixture (“ fusion mixture ”) with sodium carbonate. It is decomposed 
by steam at a red heat : 

K a (X> 3 +H 2 0 - 2KOH l UOo. 

A saturated solution t)f potassium carbonate absorbs carbon dioxide 
and deposits monoelinic crystals of potassium hydrogen carbonate 
(bicarbonate) : 

K 2 C0 3 + C0 2 4- H 2 0 - 2KHC0 ;i . 
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Potassium hydrogen carbonate is easily made by passing carbon 
dioxide over moist potassium carbonate and drying on a porous plate. 
It is much less soluble in water than the normal carbonate, but is more 
soluble than sodium bicarbonate. The recrystallised bicarbonate may 
be used in preparing pure potassium carbonate, since it decomposes on 
heating at 190° : 

2KHC0 3 ^ K 2 C0 3 + HoO + C0 2 . 

Potassium nitrate KN0 3 , called nitre or saltpetre (Latin, sal petrae), 
may be prepared by neutralising dilute nitric acid with potassium 
hydroxide or carbonate, evaporating and crystallising. It is manu- 
factured for use in making gunpowder, and small amounts are also 
used in pickling meat, e.g. hams. An old method of manufacturing 
saltpetre which is still used in India and Egypt is in the so-called nitre, 
plantations . 

Soil containing decomposing nitrogenous organic, matter such as urine 
is mixed with lime or calcium carbonate, such as old mortar, when calcium 
nitrato 0a(NO 3 ) 2 is formed, probably from the oxidation of ammonia 
formed by the decomposition of organic, matter in the presence of feeble 
alkalis, by the activity of micro-organisms present in soil (see p. 533). The 
material is lixiviated and a solution containing calcium nitrate is obtained 
which is boiled with wood-aslies (containing potassium carbonate) : 

Ca(NO,) a i K 2 CO a =. CaC0 3 \ 2KNO,. 

The filtrate on evaporation deposits saltpetre, which is purified by 
recrystallisation . 

The cheaper sodium nitrate (Chile saltpetre) is converted into potas- 
sium nitrate by dissolving potassium chloride in a little hot water and 
adding sodium nitrate. Sodium chloride, the least soluble salt formed 
from the four ions K’, Na*, NO/, Cl', deposits from flic hot liquid, 
since its solubility is not much increased by rise of temperature (sec 
Fig. 53 ) ; the filtered liquid is cooled, when potassium nitrate crystal- 
lises, since it is the least soluble salt at lower temperatures. It is 
recrystallised from water. 

The process may be illustrated by dissolving 11-5 gm. of NaN0 3 and 10 
gm. of KCl in 10 ml. of boiling water ; white granular NaCl remains ; on 
filtering through a hot-water funnel, the filtrate on cooling deposits crystals 
of KN0 3 , which may be recrystallised. 

Potassium nitrate usually crystallises in large anhydrous rhombic 
prisms, but if the solution is slowly evaporated on a watch-glass, 
rhombohedra isomorphous with sodium nitrate and with calcite an* 
deposited. Nitre melts at 336° and at a higher temperature evolves 
oxygen : 

2KN0 3 = 2KN0 2 + 0 2 . 

The fused salt is a powerful oxidising agent ; sulphur, charcoal and 
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phosphorus take fire on it and burn brilliantly, with the formation of 
potassium sulphate, carbonate and phosphate : 

6KN0 3 + 5S - 2K 2 S0 4 4 - 2KN0 2 + 3S0 2 + 2N 2 
4KN0 3 + 50 = 2K 2 C0 3 + 2N„ + 3C0 2 
2KN0 3 + 3C - K 2 CO ; , + C0 2 + CO + N 2 . 

Potassium chlorate is a more powerful oxidising agent than potassium 
nitrate. 

Potassium nitrite KN0 2 is made in the same way as sodium nitrite 
(p. 551). 

Gunpowder, — Most of the potassium nitrate of commerce is used in 
making gunpowder. 

This was apparently first, nnulo by the ('hineso about 1150 a.d. if not 
eariior, for the production of fireworks. Greek fire, used m the Byzantine 
period, was a mixture of salt, resin, quicklime, pitch and suphur, although 
some kinds may have contained saltpetre. The invention of gunpowder 
in the West is usually credited to Roger Bacon (1214-1292), who in his 
f)e secret is operibus artis et rfc nulhtate maejinc , probably composed about 
12 IS, mentions saltpetre and sulphur as constituents but conceals charcoal 
in an anagram. The full recipe is given in the Liber Ignium of Marcus 
(Jraecus, the earliest MSS. of which are practically contemporary with 
Bacon ; it also gives recipes for Vv liquid fire " for military purposes. Fire- 
arms seem to have been used in Florence in 1325, hut field pieces wore first 
employed by the English in the battle of Crecy in 134f>. 

Gunpowder is ail intimate mixture of finely powdered nitre, wood- 
charcoal (carbonised at. a low temperature) and sulphur, the materials 
being ground and incorporated under stone rollers. The proportions 
of the constituents and the main products of combustion correspond 
roughly with the equation : 

2KN0 3 + S + 30 = KoS -+ N 2 , 3C0 2 . 

The proportions of nitre, carbon and sulphur corresponding with this 
equation are 75, 13 and 12, respectively. Carbon monoxide is also 
evolved in the explosion and the residue contains some potassium 
carbonate and sulphate. Abel arid Noble (1875) considered that the 
explosion of gunpowder cannot adequately be represented by a chemical 
equation, since the reactions are complicated. 

The gaseous product is mostly carbon dioxide, carbon monoxide and 
nitrogen, whilst the solid product (including that in the dense smoke) is 
mainly potassium carbonate, potassium sulphate and potassium sul- 
phide. 

Potassi um cy ani de. — Potassium cyanide is formed by heating potas- 
sium ferrocyanide at a bright red heat: K 4 Fe(CN) e ==4KCN + Fe + 
20 + N 2 , or with potassium carbonate : K 4 Fe(CN) 6 4 K 2 C0 3 =5KCN + 
KCNO (cyanate) + C0 2 4 Fe. If the ferrocyanide is fused with sodium, 
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a mixture of sodium and potassium cyanides is formed : K 4 Fe(CN) e + 
2Na=4KCN +2NaON + Fe. Potassium cyanide is prepared by Beilby’s 
process ; ammonia gas is passed over a mixture of fused potassium 
carbonate and carbon : K 2 C0 3 + C + 2NH 3 -2KCN + 3H 2 0. The 

fused cyanide is decanted and moulded, and is pure. 

Very pure potassium cyanide, m. pt. 634*5°, is obtained by recrystallising 
from anhydrous liquid ammonia. Potassium cyanate KCNO is made by 
fusing the cyanide with lead oxide: KON f PbO = K( -NO -l Pb, or b\ 
heating potassium forrocyanide and potassium dichromate in an iron 
dish, and extracting with 80 per cent alcohol. The aqueous solution 
slowly hydrolyses with formation of ammonia; KCNO + 2H 2 0 -NH 3 * 
KH( 1 0 3 . When acidified it evolves carbon dioxide with effervescence : 
HCNO -t H 2 0 CO, + NH a . 

Potassium thiocyanate KGNS, m. pt. 161°, is formed by fusing a mixture 
of potassium forrocyanide and carbonate with sulphur. It- occurs in traces 
-in saliva. Potassamide KNH 2 (in. pt. 271°), is formed by passing dry 
ammonia gas over heated potassium : 2K + 2NH ;i ~2KNH 2 + H 2 . 

Potassium phosphates. — The common potassium phosphate is primary 
potassium phosphate (potassium dihydrogen phosphate) KH 2 P0 4 , which is 
formed in crystals from a solution of the requisite amounts of phosphoric 
acid and potassium hydroxide. The secondary potassium phosphate K 2 HP0 4 
(corresponding with ordinary sodium phosphate) is very difficult to 
crystallise. The tertiary potassium phosphate K 3 P0 4 is made by crystal- 
lising from a solution containing an excess of potassium hydroxide, 
and is very soluble. Potassium pyrophosphate K 4 P 2 0 7 , and several forms 
of the metaphosphate (KP0 3 )„ are known. A potassium phosphide K 2 P 5 
is formed by heating the elements at 400° in a vacuous tube (Na 2 P 5 , 
Rb 2 P-, and Cs 2 P 5 are obtained similarly). 

Potassium and sodium sulphides. — Potassium and sodium burn whe n 
heated in sulphur vapour, forming mixtures of sulphides. By using 
excess of metal and heating the product in a vacuum, the pure mono- 
sulphides K 2 S and Na.>S remain in cubic* crystals. 

The freezing points of mixtures of the monosulphides and sulphur 
show' that the following higher sulphides exist : 

K 2 S 2 K 2 S 3 K 2 S 4 K 2 S 5 K 2 S, 

NB12S2 Na 2 S 3 Na 0 >S 4 * 

The monosulphides Na 2 8 and K 2 S are obtained by passing hydrogen 
over the heated sulphates, and less pure by heating the sulphates with 
excess of carbon : + 4 H 2 ^K 2 S + 4H 2 0 

K 2 S0 4 + 2C -K 28+200,. 

By fusing ]>otassium carbonate with sul])hur, a liver-coloured mn^* 
is obtained, called liver of sulphur (he par sulphur is). It contains poly 
sulphides of potassium and potassium sulphate : the pentasulphide arw 
thiosulphate are first formed but most of the thiosulphate is decompose'! 

by heat : ;$K 2 00 :t + 12S - 2K 2 S 5 . K 2 K 2 0 3 -t 3C0 2 

4K 2 S 2 0 3 =3K 2 S0 4 + K 2 S 5 . 
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A solution of liver of sulphur is used in gardening to com hat. mildew and 
insect pests. 

If a solution of potassium or sodium hydroxide is saturated with 
hydrogen sulphide and evaporated, the hydrosulphides NaHS,2H 2 0 or 
NaHS,3H 2 0, and 21CHS,ff20 crystallise. The anhydrous hydro- 
sulphides are obtained by heating the metals in hydrogen sulphide : 

2K + 2H 2 S = 2Kfi»S + H 2 , 

or by the action of hydrogen sulphide on solutions of sodium or potas- 
sium ethoxides in ethyl alcohol : 

NaOC 2 H 5 4 H 2 S = NaliS 4- C 2 H r) Ofl . 

If a solution of potassium or sodium hydroxide is saturated with 
hydrogen sulphide, an equal volume df the alkali is added, and the 
solution is evaporated, the monosulphides K 2 N,5H 2 0 and Na 2 S,9H 2 0 
separate in colourless crystals. 

Sodium sulphide is made technically by fusing sodium sulphate (salt- 
cake) with powdered coal in a revolving furnace : 

Na 2 S0 4 + 20 = Na 2 S 4- 2C0 2 
Na 2 K() 4 f 40 — Na 3 S + 4CO. 

The product is lixiviated with water, evaporated and crystallised. It is 
used in removing hair from skins and in making sulphur dyes. The 
residual sulphide liquor is treated with sodium carbonate and sulphur 
dioxide to make sodium thiosulphate : 

2Na 2 S 4- Na 2 C0 3 4- 4S0 2 - 3Na 2 S 2 () 3 4 CO., 

By boiling alcoholic solutions of the hydrosulpludes with sulphur, 
potassium pentasulphide KoS 6 and sodium tetrasulphide Na 2 S 4 arc obtained. 
K a y s forms bright orange -red crystals giving a deep-orange solution which 
becomes darker on heating. Na 2 S 4 forms dark yellow crystals giving a 
deep-orange solution which also becomes darker on heating. Sodium 
disulphide Na 2 S 2 is obtained by adding sodium to an alcoholic solution of 
Na 2 N 4 and forms bright -yellow microscopic crystals, giving a deep-yellow 
solution winch does not darken on heat mg. 

Potassium sulphate. — When dilute sulphuric acid is neutralised with 
potassium hydroxide or carbonate and the solution evaporated, cm- 
hydrom rhombic prisms of potassium sulphate K 2 S0 4 separate. These 
are not very soluble in water (10*3 gm. at Jf>‘ and 24* l gm. at 100° in 
100 gm. of water) ; the solubility increases almost linearly wdtli the 
temperature (Fig. 53). 

Potassium sulphate occurs in large quant ities in the Stassfurt potash 
deposits as double salts : schomte K 2 S0 4 ,MgS04,bH 2 0, kainite 
K 2 80 4 ,MgS0 4 ,Mg01 2 ,blf 2 0. 

If kainite is dissolved in hot water it breaks up into its constituent ions 
K/ , Mg'*, SO/', 01 r . By fractional crystallisation, tlioso salts separate first 
(including double salts) with which the solution first becomes saturated 
(van’t Hoff). From warm solutions the double salt schouile first separates, 
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since it is least soluble, and magnesium chloride remains in solution. If 
the schonite is digested with a solution of potassium chloride (occurring at 
Stassfurt as aylvine ), the following reaction occurs : 

K 2 S0 4 ,MgS0 4 + 2KC1 ^ 2K 2 S0 4 + MgOI 2 . 

The sparingly soluble potassium sulphate separates first, followed by 
camallite KCl,MgCl a ,6H 2 0, from which potassium and magnesium chlorides 
can be prepared. 

Potassium sulphate is made in smaller amounts by heating potassium 
chloride with concentrated sulphuric acid : 

2KC1 + H 2 S0 4 - K 2 S0 4 + 2HC1, 

and as a by-product in the manufacture of potassium dichromate and 
permanganate. It is used in the preparation of potash alum and as a 
fertiliser, especially for tobacco, since it is not easily fusible (m. pt. 
1050°) and gives a suitable ash. 

When potassium sulphate is heated with an equivalent amount of 
concentrated sulphuric acid it dissolves, forming potassium hydrogen 
sulphate KHS0 4 (“ potassium bisulphate ” K 2 0,2S0 3 ,H 2 0 or “ acid 
potassium sulphate ”) (Roulle, 1754). This is easily fusible and solidi- 
fies on cooling. It is obtained as a by-product in the laboratory 
preparation of nitric acid. It is readily soluble in water, the solution 
having a strongly acid reaction : 

KH80 4 = K-+HS0 4 ' 

hso 4 # ^h-+so 4 ". 

On evaporation the solution (in accordance with van’t Hoff’s rule) 
deposits the normal sulphate K 2 S0 4 , which is the salt with which it first 
becomes saturated. The residual solution contains free sulphuric 
acid. From it on cooling the compound K 2 S0 4 ,KHSO f deposits, arid 
finally KHS0 4 . The compounds K 2 S0 4 ,3KHS0 4 and K 2 S0 4 ,6KHS0 4 
are also known. 

At a red heat potassium hydrogen sulphate loses water and forms 
potanium diiulphate : 2 KHS0 4 = H 2 0 + K 2 ,S 2 0 7 . 

At higher temperatures this evolves sulphur trioxide : 

K 2 S 2 0 7 = K 2 S0 4 + S0 3 . 

It is used to attack refractory minerals in analysis, since it behaves like' 
sulphuric acid of high boiling point. Thus chromite FeCr 2 0 4 is converted 
into ferrous and chromic sulphates, FeS0 4 and 0r 2 (SO 4 ) 3 , ulthough it is not 
attacked by boiling sulphuric acid. Since loss of water on heating KHS0 4 
is incomplete even in a vacuum, the pure disulphate is best obtained 
from sulphur trioxide and potassium sulphate : 

K 2 S0 4 + 80 s = K 2 S 2 0 7 . 

Potassium in analysis. — Potassium salts foriti sparingly soluble salts with 
perchloric, hydrofluosilicic, chloroplatinic, phosphotungstic , tartaric and 
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picric acids, and with sodium cobal tin i trite. Potassium iodide is not pre- 
cipitated by chloroplatinic acid. Potassium hydrogen tartrate is pre- 
cipitated only in solutions containing no mineral acid ; it (as well as the 
chloroplatinate) is precipitated more easily by adding alcohol and scratching 
the tube with a glass rod. The lilac flame coloration and the spectrum are 
also useful as tests. 


Ammonium 

Ammonium amalgam. — Ammonia readily combines with acids to 
form salts. Lavoisier, and later Dumas (1828), regarded these as com- 
pounds of ammonia with acids, e.<j. ammonia hydrochloride NH 3 ,HC1. 
Davy (1808) and Ampere (1816) supposed that the salts contain the 
ammonium radical NH 4 , which behaves like an alkali- metal. Hal ammoniac 
is ammonium chloride NH 4 01, analogous to potassium chloride KOI. 
This view was favoured by Berzelius in J820. 

The ammonium theory was supported by t he discovery of ammonium 
amalgam independently in 1808 by Neebeck in Jena and by Berzelius 
and Pontin in Stockholm. If a solution of ammonium chloride is 
electrolysed with a mercury cathode (Fig. 136) the mercury swells up, 
forming a soft pasty mass which rapidly decomposes, evolving hydrogen 
and ammonia in the ratio of l vol. to 2 : 

2NH 4 - H 2 -t 2 NH.j. 

Davy in 1808 confirmed this observation and showed that ammonium 
amalgam is also formed by the action of potassium or sodium amalgam 
on a solution of ammonium chloride* : 

Na i NH 4 CUNaOHNH 4 . 

If a little sodium amalgam is added to a cold concentrated solution of 
ammonium chloride, the amalgam swells up to a spongy mass. If this is 
put into water, bubbles of hydrogen are evolved and the liquid smells of 
ammonia. 

Seely (1870) found that ammonium amalgam compressed in a tube under 
a piston obeys Boyle's law and concluded that it was simply a froth of 
hydrogen and ammonia gases m mercury. Ammonia, however, is very 
soluble m water and other experiments favour the existence of ammonium 
in the amalgam. Although the amalgam does not reduce solutions of 
ferric chloride or copper sulphate at the ordinary temperature, it reduces 
solutions of copper, cadmium, zinc, and even barium, salts at 0°. The 
voltage required to deposit sodium on a mercury cathode is similar to that 
required in the formation of ammonium amalgam. Ammonium amalgam 
is also formed by the action of sodium amalgam on ammonium chloride 
dissolved in anhydrous liquid ammonia. The deop-blue solutions obtained 
by dissolving sodium or potassium m liquid ammonia may contain metal 
ammoniums NH 3 Na and NH 3 K. 

According to Hchlubach and Ballauf (1921) a colourless solution contain- 
ing free ammonium is formed by adding the blue solution of sodium in 
bquid ammonia to a solution of ammonium iodide in the same solvent, at 

70° : Na + NH 4 I =-- NH 4 + Nal. It decomposes at - 40° : 2NH 4 = 

>!NH B + H a . 
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The ammonium ion. — The ammonium salts were once thought to con- 
tain 5-valent nitrogen, e.g. (H 4 y==N — Cl, but it is now considered that the 
positive ammonium ion is formed by the addition of the neutral ammonia 
molecule to the hydrogen ion (proton), which remains univalent- so that 
the whole ammonium ion is also univalent. The proton is linked by the 
lone pair of electrons on the nitrogen atom : 


H 

h ; n ; 

H 


H 


I " 

H : N r H 


L 


H 


The four hydrogens are attached to the nitrogen at the corners of a tetra- 
hedron with nitrogen at the centre, as is proved by the optical activity 

a spiran compound (Fig. 300), the tetrahedral 
arrangement of valencies being necessary to form 
a dissymmetric structure (Mills and Warren, 
1925). In ammonium salts the Nil, ions form u 
lattice with negative ions. 

Ammonium chloride NH 4 (T {sal ammoniac) 
occurs in volcanic gases. It is prepared b\ 
neutralising ammonia with hydrochloric acid 
and evaporating, also by subliming a mixture 
of ammonium sulphate* with common salt : 

(NH 4 ) 2 S0 4 + 2NaCl - Na 2 S0 4 + 2NH 4 01, 
by heating in a east- iron basin provided with 
an iron dome having a small hole at the top 
The cake of ammonium chloride which sub- 
limes into the dome is broken up and forms 
tough fibrous irregular lumps, often stained in yellow patches with 
ferric chloride. An imitation of the sublimed product is made by 
strongly compressing the powdered salt : voltoid s\ used in batteries, an* 
small tablets prepared by compression. 

Ammonium chloride is made in ammonia-soda works by crystallising 
the liquors from the bicarbonate filters (p. 092), which contain NH 4 G1, 
NaCl and CaCl 2 , and drying the salt with hot air. 



Tetrahedral 
structure of the am- 
monium ion. 


Ammonium chloride crystallises in feathery growths which are aggregates 
of small oetahedra or other forms of the regular system, but the crystals 
look like crystals of the hexagonal or tetragonal system. From a solution 
containing urea it crystallises in cubes. There are two forms with a transi 
tion point at J84-5 3 . 

Ammonium chloride is readily soluble in w r ater and a considerable 
lowering of temperature results. It is very sparingly soluble in absolut 
alcohol . The aqueous solution is only slightly hydrolysed and is neutra 1 . 
but ammonia escapes on boiling, leaving a distinctly acid liquid : 
NH 4 C1 + H 2 0 ^ NH 4 OH + HC1 ^ NH 3 + H 2 0 + HC1. 
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Ammonium chloride vapour is practically completely dissociated : 
NH 4 C1 - NH, + HOI. 

According to H. 1$. Baker, when the pure salt is carefully dried over 
PjOj, it gives the normal vapour density corresponding with NH 4 C1, but 
this result was called inquostion hy Hodehush and Mic.halek (1020), who 
used an impure salt. The dissociation on heating explains the action of 
ammonium chloride as a flux in soldering : the metallic oxides are converted 
into volat ile chlorides hy the hydrochloric acid, and a clean metal surface 
is left, e.y . : CuO+ 2NH,t l Cu<’l, + 2NH 4 : H 2 0. 

Anunonium fluoride NH,K, bromide NH 4 Br, and iodide NH 4 I are obtained 
by noutrahsmg the corn k sp<m< ling acids with ammonia. The fluoride 
decomposes on fusion to form the acid fluoride : 


2NH 4 F N Hj t-NIl 4 HK 2 . 

Ammonium chlorate NJf/MOj is unstable and spontaneously explosive ; 

even solutions may explode violently on evaporation. Ammonium perchlorate 

N H 4 01O 4 is more stable, but is endothermic and deflagrates with a yellow 

flame over 200° : ovl , ' 

2NH 4 ( l() 4 - \ 2 t 20,1 4H 2 0. 

Ammonium iodate decoin poses on heating ; 

2XH 4 IO,: N j, -i- 1 2 4 0 2 4 - 4H 2 0. 


Ammonium hydroxide .—Alt hough crystalline solid 2NH 3 ,H 2 0 and 
NH 3 i H 2 0 are known (p. nlfi), it is doubtful if they are ammonium oxide 
(NH 4 ) 2 0 and ammonium hydroxide NH 4 QH, respectively. 


It is sometimes supposed that aqueous ammonia contains ammonium 
hydroxide, which is a weak base : 


NH, } H 2 O^NH 4 OH^NH 4 * + OH', 

but its general properties can ho explained by supposing that the ammonia 
withdraws hydrogen ions from the water to form ammonium ions, leaving 
the hydroxyl ions of the water which cause the alkaline reaction : 


NH.+ H’ + OH N1I 4 * \ Oir. 

Ammonia is a, weak base and this lias been explained by supposing that 
the lone pair of electrons on the hydroxyl oxygon can co-ordinate with a 
hydrogen of the ammonium ion to form unionised ammonium hydroxide 

H ; ,XH h i OH' - HjNH^-OH. 

A quaternary ammonium hydroxide, e.g. tetramethyl ammonium 
hydroxide (CH 3 ) 4 N()I f, is a strong base since its radical has no hydrogen 
with which the hydroxyl oxygen can co-ordinate : (CH 3 ) 4 N + -f OH'. 

Ammonium carbonates. — Commercial ammonium carbonate or sal 
volatile is made by heating a mixture of chalk and sal ammoniac or am- 
monium sulphate in an iron retort with a lead receiver, into which the 
salt ‘sublimes. The product, is resublimed after addition of a little 
water, and forms a white semi-transparent fibrous mass covered on the 

2a 
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outside with a white opaque powder of ammonium bicarbonate NH 4 HC0 3 , 
and smelling strongly of ammonia. 

This commercial carbonate is a eom])ound of the bicarbonate and 
ammonium carbamate NH 4 0(-0NH„ with some normal carbonate 
(NH 4 ) 2 CO ;i . 

Carbamic acid is the monoamide of carbonic acid, the diamide being urea 
{carbamide) : 


/OH 

NH a 

, N H s 

NH, 


CO 

('() 

CO, 

OH 

OH 

ON It, 

Nib, 


If commercial ammonium carbonate is treated with alcohol tin* car- 
bamate dissolves leaving the bicarbonate ; on exposure to air the car- 
bamate slowly volatilises, leaving the bicarbonate as a white powder. 
The bicarbonate can be crystallised ; it decomposes at 00° : 

NH 4 HOO, - NH.j t H 2 0, 

although at the ordinary temperature it does not smell of ammonia. 
Commercial ammonium carbonate* can be used as a baking powder since 
it volatilises completely on heating. If it is gently v armed with concen- 
trated ammonia solution ammonium sesquicarbonate 
2N H 4 H ( X H 4 ) 2 C< ). t , H ,( ) 

is obtained in crystals. The normal carbonate (NH 4 ) 2 00 ; , is obtained by 
digesting sal rolatile for two hours with concentrated ammonia at 12 , 
and drying between tiller- paper the crystalline powder remaining, 
which is (NH 4 ) 2 G0 ;jt H 2 0. It is formed when the carbamate is dissolved 

in water : nh 2 onh 4 

CO f HM — CO 

onh 4 - onh 4 

so that when the commercial carbonate* is dissolved in ammonia solution 
tile normal carbonate is formed. The carbamate* is deposited when 2 
vols. of ammonia gas and 1 vol. of 00 2 an* mixed : 

2 NH ;J 4 C0 2 XH 4 OOONH 2 , 
and on heating it dissociates into these gases. 

Synthetic urea is made by healing a mixture of ammonia gas, carbon 
dioxide and a little water under pressure at 135 ; ammonium carbamate 
is first formed and then loses water : 

2NH 3 + CO, XH 4 ()CO NH 2 -NH.yCO NH 2 \ H 2 0. 

Ammonium nitrate NTf 4 NO ; j was first prepared by Glauber an ,s 
called nitrum fiammans (it explodes when suddenly heated). It i- 
rnade by neutralising nitric acid with ammonia or ammonium 4 cm 
bonate. On the large scab* it is made* : (I) by passing ammonia ga 
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into 00 per coni nitric acid ; (2) by the double decomposition of 
calcium nitrate and ammonium carbonate* or sulphate in solution ; 

(3) by the double* decomposition e>f ammonium sulphate and sodium 
nitrate in solution : 

(NH 4 ) 2 N0 4 + 2NaN() } ^ 2XH 4 NO ;i 4 Xa 2 S0 4 ; 

(4) by using sodium nitrate instead of common salt in the ammonia- 
soda process : 

NaNO, i- N H 4 H ( X)., ; - N H ,NO a fNa 

Another method of preparation is dose*nbed on p. 541. 

Ammonium nitrate exists in live crystalline forms, with definite transi- 

- 17 ° 32 l J 842 ° 

lion temperatures : tetragonal - j rhombic*- 1 rhombie-il rhombo* 

i2f>2 1 n;u«’ 

hcdral - cubic liquid. Tlic melting point of the anhydrous salt is 
, that of the ordinary salt containing a little moisture is 165A The 
transition at S4 2' is aeconipuiued b\ an expansion which may break a glass 
vessel m which the salt lias solidified. 

Ammonium nitrate* is used in the preparation of nitrous oxide (p.54fi): 
NH 4 N(), X»0 + 2H 2 (), 

and as a constituent of explosives It deflagrates with a yellow flame 
above 250 : 

2NH 1 X(). { X 2 4 2X0 4 4H 2 0, 
and at higher tern] >erat tires it detonates : 

2XH 4 XO,--2X 2 f 0 2 f 4H 2 0. 

A mixture (amnio!) of NO parts of ammonium nitrate and 20 parts of 
trinitrotoluene is used as an explosive. 

Ammonium nitrite X11 4 X0 2 is obtained as an explosive deliquescent 
solid by passing N.,D 3 gas (p. 549) over solid ammonium carbonate in 
a cooled tube, dissoh mg in al(*ohol, and precipitating with ether (Sorenson, 

I S94). 

It can also be* prepared by evaporat ing a concentrated solution of sodium 
nitrite and ammonium chloride* m vacuum and subliming in vacuum (Neogi 
and Adhicary, 1911). 

A solution for the preparation of nitrogen is made by mixing sodium 
nitrile with ammonium chloride* or sulphate* m solution. 

The ammonium phosphates XH 4 HLPU 4 , (NHpdlPO* and (XH 4 ) a P0 4 ,3H 2 0 
are formed from ammonia and phosphoric acid. The salt (NH 4 ) 2 HP0 4 
crystallisos when a solution containing an excess of ammonia is allowed to 
evaporate. M irroc.osmtr salt NaN H 4 H P<> 4 is described on p. 695. 

Ammonium sulphides. — The* formation of colourless needles and 
plates of ammonium hydrosulphide NH 4 HS by mixing equal volumes of 
*aseous ammonia and hydrogen sulphide was described by Bineau 
; 1 838) and confirmed by Bloxam (18113). 
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Bineau (1839) stated that a mixture of 2 vols. of ammonia with 1 vol. of 
hydrogen sulphide at - 1 8° gave mica-like crystals of ammonium mono, 
sulphide (NH 4 ) 2 S, hut Bloxam found that these crystals always contain 
ammonium hydrosulphide, and although he says he obtained the mono- 
sulphide by carefully adjusting the volumes of the roacting gases and their 
ratos of flow, the product was probably contaminated with hydrosulphide 
(Thomas and Riding, 1923). 

Pure ammonium hydrosulphide is precipitated in fine needles on 
passing dry ammonia and dry hydrogen sulphide alternately into dr)' 
ether. It dissociates rapidly and can be kept only in sealed vessels. 

When hydrogen sulphide is passed into concentrated (0-880) ammonia 
solution diluted with four times its volume of water, a solution of the 
hydrosulphide is formed (Kir wan, 1780). Crystals of (NH 4 ) 2 S, 2NH 4 H 8 
separate on cooling to 0° a solution prepared by saturating 0*880 
ammonia with hydrogen sulphide. The normal sulphide does not 
appear to exist in solution. The freshly prepared solution of the hydro- 
sulphide is colourless, but rapidly oxidises on exposure to air and 
becomes yellow owing to liberation of sulphur, which dissolves in the 
excess of hydrosulphide to form yellow ammonium polysulphides (NH 4 ) 2 S >r : 

4NH 4 HH + 0 2 - 2(NH 4 ) 2 S 2 + 2H«0. 

The same yellow ammonium sulphide is obtained by digesting flowers of 
sulphur with the solution of the hydrosulphide : the main product 
appears to be (NH 4 ) 2 S r> . On prolonged exposure to air the solution 
deposits sulphur, and forms a colourless solution containing ammonium 
thiosulphate : 

2(NH 4 ).,S 5 + 30 2 — 2(NH 4 ) 1 S 2 0 ;i + OS. 

Ammonium sulphate (NH 4 ) 2 X0 4 , described bv Libavius (J597), is 
manufactured by passing ammonia gas into 00 per cent sulphuric acid 
(p. 521 ). 1 nstead of using sulphuric acid, ammonia gas may be absorbed 
in a suspension of calcium sulphate (calcined gypsum) and carbon di- 
oxide passed into the liquid, when calcium carbonate is precipitated and 
a solution of ammonium sulphate is formed : 

CaS0 4 + 2NH.j + C0 2 + H 2 0 « (NH 4 ) 2 «0 4 + CaCO,. 

Ammonium sulphate forms large transparent crystals isomorphous 
with potassium sulphate and very soluble in water. On heating 
powdered ammonium sulphate it loses ammonia even below 100°, and 
at 300° is completely converted into molten ammonium hydrogen sulphate 
which melts at 140° after solidification : 

(NH 4 ) 2 S0 4 =nh 4 hso 4 + nh 3 . 

At higher temperatures, decomposition with evolution of sulphur 
dioxide and nitrogen occurs. The acid sulphate is also obtained in de- 
liquescent crystals by dissolving the normal sulphate in hot concei 
trated sulphuric acid and cooling. 
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Ammonium sulphite (NH 4 ) 2 S0 3 crystallises on cooling a solution of sulphur 
dioxide in excess of concentrated ammonia solution. 

Alkali metal polyhalides. — Iodine is more soluble in alkali iodide 
solution than in water, and the brownish-red solution contains the 
tri-iodide ion I 3 '. Many solid polyiodides and mixed halides are known, 
mostly anhydrous but potassium t ri-iodide only as the hydrate K1 3 ,H 2 0. 
The methods of preparation include (i) the direct addition of halogen 
(KIC1 2 + C1 2 ~ KIC1 4 ), and (ii) halogen or halogen compound displace- 
ment (CsBr 3 + 1 2 - OsIBr 2 + I Br ; OhJCI* 4 2IBr - CsIBr., +2101). Apart 
from the actual preparation of the solids, the complex ions may be de- 
tected in solution. 

In a method used by Abegg and Hamburger (1900) a fairly concentrated 
solution of iodine in benzene is shaken with solid alkali iodide MI. If two 
solid phases are presont, e.f/. MI,. and ML the iodine concentration in the 
liquid phase will be constant on addition of iodine until there is only one 
solid phase Ml^., when if. begins to alter. The solid is analysod at this point. 

Some types of poiyhalides are : 

(1) MX, : known only as XnTo, 311 2 0. 

(2) MX 3 : a common type, known in tri-iodides of K (hydrated), Rb, Cs, 

NH 4 , Tl ; tri bromides RbBr Jf CsBr a , ; and mixed halides MILL 
(K, Rb, Cs, XU 4 ), CsT 2 C1 (the only one of this type), CsIBr 2 , KIBrCl, 
CslBrF, etc. 

(3) MX 4 : known as NuI 4 .2H 2 0 and Csl 4 (which may be Cs 2 I 8 ). 

(4) MX 6 : known in NaJ fi ,2C tt H 5 N0 2 , and the very stable orange-red 

mixed halides MTC1 4 (Li, Na, K, Hb, (Vs, XH 4 ), also MIC] 3 Jb. 

(5) MI e : known in 2KBr„, 3H 2 0. 

In these compounds the heavy halogen is multivalent, the [Cl T Cl] 

ion being linear and the K '1/ ion square with four chlorine atoms at the 

cornors. 


Lithium 

Lithium is widely distributed, but. occurs in quantity only in a few rare 
minerals. Traces of lithium are found in milk, blood, plants (especially 
tobacco), and the soil. The lithium minerals are triphylite (Li,X^a) 3 P0 4 f 
(Fe,Mn) 3 (P0 4 )o (10-3-7 per cent Li), pelalite LiAI(Si a O s )i (2-7-3-7 per 
cent Li),' lephlohtv or lithium mica (Li,K.Xa) 2 Al 2 (SiO,),(F ; OH) 2 , amhhjgomte 
Li(F,01J )AIP0 4 (2*4-3 percent Li), and spodnmcnc LiAlfNiCLh (3*8-50 
per cent Li). Lithium occurs in some mineral springs, cjj. in Baden and 
at Redruth in Cornwall, in some radioactive minerals (r.g. carnotite), 
and in the sea. Traces of lithium arc found in many minerals and in 
most kinds of glass. 

Lithium was discovered by Arfvedson (1817) in petal, to and sped umene : 
the metal was isolated by Bunsen and Mattlhessen in 1855 by the eloctro- 
ivsis of the fused chloride. Lithium may also be obtained by the electrolysis 
of lithium bromide containing 10 per cent of lithium chloride. It is a silver- 
white metal, harder than sodium, tarnishing m the air, although less 
readily than the other alkali-metals, and decomposing water with evolution 
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of hydrogen. It is the lightest metal (density 0*53 at 20°). Tt does not fuse 
on water like sodium and potassiurjn, since its meltiug p^int (180°) is higher. 

Lithium salts are extracted from the minerals, such as spodumeno, in 
various ways. In one process the limply-powdered mineral is digested with 
concentrated sulphuric or hydrochloric acid, which is evaporatod to render 
silica insoluble. The residue is taken up with water and the solution 
filtered. To the filtrate the requisite amount of sodium carbonate is added 
to precipitate iron, aluminia, magnesia, etc., and the filtrate is concen- 
trated by evaporation. Excess of sodium carbonate is thou added, when 
lithium carbonate Li s C(), is precipitated, as it differs from other alkali 
carbonates in 'being sparingly soluble in water. Another process is to fuse 
the mineral with barium carbonate and sulphate, extract with water, pre- 
cipitate the filtrate with barium chloride, and evaporate to dryness. The 
residue contains sodium, potassium and lithium chlorides, and is digested 
with a mixture of absolute alcohol and ether, in which lithium chloride 
Lid alone is soluble. This salt (in. pt . 000 ) is one of the most deliquescent 
substances known, but lithium fluoride LiE is only sparingly soluble (rf, 
Ca(1 o and CaF 2 ). 

Lithium burns with a white flame when heated in oxygen above its 
melting point, forming white lithium monoxide (hthia) Li 2 <>, which dissolves 
slowly in water with only moderate rise of temperature, producing lithium 
hydroxide LiOH. The latter is made by decomposing an aqueous solution 
of lithium sulphate la 2 S() 4 with lmryta -water. It crystallises from solution 
asLif)H,H 2 0, and is a strong base. On heating the crystals in hydrogen 
below’ 140 a white porous mass of LiOH remains, and at- 780 t ho oxide 
Li 2 0 is formed. Lithium peroxide LdL is formed by drying over P 2 f) 6 flit 1 
precipitate, LigC^vHgOj.SH^O, obtained by adding hydrogen peroxide 
and alcohol -to a solution of lithium hydroxide. Only a. trace of lithium 
peroxide is formed when lithium burns in oxygen (<'f. Na and K). 

Lithium combines with nitrogen slowly at the ordinary temperature and 
rapidly on heating to form lithium nitride Li,N (rf. magnesium). It is the 
only alkali metal to combine directly with nitrogen. 

Lithium carbonate Li 2 C0 3 , and lithium phosphate Li a P() 4 , are sparingly 
soluble and are precipitated from lithium chloride solution by the correspond 
ing sodium salts. The carbonate dissolves in a solution of carbon dioxide 
to form a solution of lithium bicarbonate LiHC() 3 , which is more soluble than 
the normal carbonate' (rf. ( , n(H( , O il ) 2 ). The solution of the bicarbonate is 
called Hthia 'water. On heating the normal carbonate in hydrogen at 780 
it decomposes completely into the oxide and carbon dioxide (rf. Ca(\) a ) 
In these reactions lithium shows a much closer resemblance to the metaf- 
of the alkaline-earths, e.g. calcium, than to those of the alkalis. Lithiuir 
nitrate LiN0 3 is very deliquescent, and is soluble in alcohol. Lithium sulphate 
Li 2 S0 4 ,H 2 0 is readily soluble in water and (unlike the sulphates of tin 
other alkali -metals) is also soluble in alcohol. 

Lithium salts, especially those of organic acids (citrate, salicylate) a n 
used as a remedy for gout, since lithium urate lk fairly soluble in water (1 pan 
in 308 parts of U 2 () at 20 ). 

Lithium salts give a crimson flame when moistened with hydrochlon* 
acid and heated on a platinum wire in the Bunsen flame. The light omit tr- 
ig resolved by the spectroscope into a very weak yellow line (0104 A.) and ; 
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brilliant crimson lino (O/OH A.). Lithium is separated from potassium by 
the solubility of its chloroplatinato LigPtFlg, and from sodium by tho 
solul >ility of its chloride in a mixture of absolute alcohol and other and in 
pyridine, in which sodium chloride is insoluble. 

Lithium hydride bill is formed bv direct combination of the elemonts. 
Fused bill on elect rolysis gives ll 2 at tl» nturnh. bit liium forms the sulphides 
Ta 2 S, FijjSj,, and LT.l'v I ho carbide \j\J ' 2 is formed in tho electric furnace, 
and with water evolves pure acetylene : Li,<\> i 211,0 = 2 Li OH -{ r 2 H 2 . 


llrmoiT M AM) (\\kxiitm 

Rubidium and caesium art' rare. They occur in very small (juantities in 
certain mineral waters (r.r/. Durkhcim, ITuremaeh, Boiirbonne-los-Bains— 
I litre of the latter contains ls-7 mgm. of Ubri and 32 f> mgm. of FsCI). 
Rubidium salts arc absorbed from tho soil In plants, but caesium salts 
are not and act as vegetable poisons. These two elemonts were the first 
to be discovered by the sport r* .scope ( Bunsen, I NfilMil ). Tiny give reddish- 
lilac and blue flame colon p*. respect i\ely( but in rabalas darkest red, and 
me. stun the blue colour of the sky). Tliey also occur m lepidolite and 
some rare minerals, ('arnnllite contains about 0-035 per cent. of K>>( T, 
which collects in the mother liquor from the preparation of potassium 
chloride and is extracted from it. The richest, source of caesium is the 
rare mineral pollujr or )><>Ihml(. a hydrated caesium aluminosilicate found 
on the island of Film. 

These two elements may he separated from the other alkali-metals and 
from each other by the different solubilities of the chloroplat mates and of 
the alums : the amounts m gm. dissolved by 100 ml. of water at 20 1 are : 

K lib (s 

Alums 1 3-5 2 27 0 019 

MoPtCL 1 I: 0141 0 070 

(Wsiurn may be separated as tho characteristic (iotiefroifs salt ( , s,Sl) 2 ri 2 , 
precipitated by a solution of antimony trichloride m hydrochloric acid, 
which is decomposed Ip ammonia to give caesium chloride. 

Caesium carbonate is soluble in alcohol, rubidium carbonate is practically 
insoluble. 

Rubidium salts are widely distributed, although m small amounts, but 
caesium compounds are very rare. Alt hough rubidium salts arc absorbed by 
plants they cannot replace potassium, and t he plants die unless the latter is 
provided. Rubidium is feebly radioactive, the* isotope S7 R1> emitting j8-rays. 

Metallic caesium (first obtained by Setterberg in 1SS2) is best prepared 
by distilling the chloride with a large excess of calcium in vacuum in a 
nickel tube and condensing the vapour in a glass receiver; it is used in 
photoelectric cells, m which a very thin him of caesium is deposited on a 
very thin film of caesium oxide supported on silver. Both rubidium and 
(especially ) caesium are very soft at room temperature and have a silver- 
white lustre. 

The oxides of rubidium and caesium are : 

Rb„0 Rb,(b RlpO., (black) Rb() 2 (orange-yellow) 

Cs 2 0 (orange-red) (W), Us s () 3 (black) (Vtb (orange -red). 
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The dioxides MO s are formed by burning the metals in oxygen and the 
other oxides aro obtained in succession by heating the dioxides in vacuum. 
Potassium dioxide K0 2 is the normal product of the combustion of potas- 
sium in oxygen. Sodium forms sodium peroxide Na 2 0 2 , but by heat ing this 
in oxygon under high pressure at 450° the bright-orange sodium dioxide 
NaO a is formed. 

The oxides M 2 O a , M a 0 2 * and M 2 0 of rubidium and caesium are formed 
by heating the dioxides M0 2 in a vacuum. Sodium sesquioxide Na 2 0 3 is 
formed as a rose-red precipitate by passing oxygen into a solution of 
sodium in anhydrous liquid ammonia. 

The peroxides M 2 0 2 of all the alkali metals contain the ion | : 0 : 0 : |" ; 

the dioxides M0 2 contain the paramagnetic superoxide ion with one 
odd electron and may be represented with a throe-electron bond (p. 437) 

[ : O : '() : J'. 

Potassium trioxide KO a is obtained in red-brown now 11 cm by the action 
of ozone on dry powdered potassium hydroxide and extracting with liquid 
anhydrous ammonia. It reacts violently with water, evolving oxygen 
and forming potassium hydroxide. It is paramagnetic and contains the 

linear ion f : O : 0 : O : J'. with the three-electron bond resonating. 

Francium 

The radioact ive element francium is formed as a branch -change product by 
x-ray emission from actinium : 

“SiAe “JtfFr I 2He. • 

It bohaves chemically as an alkali metal. 



CHAPTER XXXVII 
COPPER, SILVER, ANI) GOLD 


The metals of the odd series (or sub-group h (dements) of Group I occur 
in Nature in the free state or else are very easily formed by the reduction 
of their compounds, so that they were the earliest known elements. 
Although they occur in the same group as the alkali -metals, the sole 
similarity is the existence of a series of compounds MX, in which the 
metals are univalent. Some compounds of bivalent silver are known. 
Copper forms compounds in w hich it is bivalent CuX 2 , and gold a series 
in which it istervalent AuX 3 , and both these are better known than 
the univalent series. Unlike the alkali-metals, copper, silver and 
gold readily form cow //lex compounds, in which the metal maybe present 
either in the positive radical, e.<j. [Cu(Nll 3 ) 4 ]N0 4 , or in the negative 


radical, e.g. K[Ag(CN) 2 j. 

Copper 

Silver 

Gold 

Atomic number 

29 

47 

79 

Electron configuration 

2-8- 18-1 

2*8 18*18*1 

2 8 18 32 18 1 

Density - 

8-94 

10*47 

19*5 

Atomic volume 

7 12 

JO 3 

10*2 

Melting point - 

1083-0 ' 

900*5' 

1003*0° 

Boiling point - 

23 1<U 

1955- 

2610° 

Colour of vapour 

green 

bluo 

— 


Copper, silver, and gold are transitional elements in the wider sense (p. 370). 
Cold, with the highest atomic weight, differs from the other members of 
the group, and this typo of anomaly occurs olsewdiere in the periodic table. 
(Sold in many ways resembles platinum. Copper also shows a much closer 
relationship with mercury than with silver or gold, although the cuprous 
salts resemble those of silver. Cuprous and silver chlorides are both w r hite 
and insoluble but dissolve readily m ammonia. Although silver chloride 
is quite stable, cuprous chloride is readily oxidised to the cupric compound. 
The sulphides of copper and silver are isomorphous ; the mineral copper 
(fiance, consisting chiefly of cuprous sulphide Cu 2 S, contains silver sulphide 
Ag 8 S in varying amounts. 

When copper, silver and gold function with higher valencies (2 and 3), 
electrons must be brought out from the inner group of IS, which is then left 
as an incomplete group (17 or Hi). The bivalent copper and silver ions 
contain an odd electron and the salts are coloured and paramagnetic* The 
tervalent gold compounds are probably always covalent, and it is doubtful 
if bivalent gold exists. 

Silver oxide is a much stronger base than cuprous or aim >us oxides, 
being comparable with cupric oxide, and the cuprous oxv -salts (carbon- 
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ate, nitrate and sulphate) are much less stable than the silver salts. 
Cupric and silver carbonates are easily decomposed by heat, Ag 2 C0 3 at 
200°. The cuprous salts are easily oxidised to cupric salts, whilst argentic 
salts are formed only by powerful oxidising agents, and are usually 
stable only in coordination compounds, e.g. with pyridine. 

Tervalent gold shows analogies with tervalent aluminium, indium 
and thallium ; the hydroxide Au(OH) 3 is, like aluminium hydroxide, 
amphoteric and soluble in acids and in alkalis. 

Copper 

History. — Copper ores are easily reduced and the metal was used in ver\ 
early times, the oldest specimens of east copper from Egypt and Babylonia 
dating to about 4000 b.<\ It appeared later in the form of its alloy bronze, 
which contains copper and tin. Working in bronze was practised by the 
Sumerians at Ur in 3500 h.o. and in Egypt at least as early as 2500 n.c. 

Uopper was obtained by the ({reeks and Romans from the island of 
Cyprus; the Latin name ties eyprium or Cyprian copper afterwards be 
came simply eyprium, and finally cuprum. These names wore (with the 
Greek chalkos) also used for brass and bronze. The alchemists associated 
the metal with the planet Venus and designated it b\ the symbol Tla* 
precipitation of copper from the drainage- water of copper mines by iron 
was considered to be a case of transmutation, until Vail Helmout pointed 
out that the liquid originally contained a salt of copper derived from 
copper pyrites in the mine. Boyle (1075) explained the reaction as one of 
simple displacement. 

Occurrence. — Native copper occurs in Sweden, the Ural mountains, 
and in large quantities in America, near Lake Superior. It. usually con- 
tains small quantities of silver, also bismuth and lead. Cuprous oxide 
Cu 2 () occurs as cuprite (or red copper ore), cupric oxide CuO m 
smaller amounts as tenorite or melaconite. Compounds of the eai- 
bonate and hydroxide occurring native are the bright-green malachite 
OuCO.j,Cu(OH) 2 , and deep-blue azurite (or chessylite) 2CuCO 3 ,0u(OH ),, 
which are used in works of art. In combination with sulphur alone 
copper occurs in small amounts as chalcocite or copper glance Cu 2 S and 
covcllite or indigo copper CuS, both probably formed by reduction of the 
sulphate by organic matter. The commonest, ores of copper are copper 
pyrites or chnlcopyrite CuFcS., and hornite (erubescite or variegated copp > 
ore) 0u 3 FeS 3 , i.e. sulphides of copper and iron. Copper is extracted hv 
the “ wet process ” from burnt cuprous pyrites used in making sulphur 
acid (p. 470), and also from drainage water from stocks of such pyrih ^ 
Large quantities of copper now come from the Katanga region of C 
Belgian Congo and from Roan Antelope in N. Rhodesia, the ores ben i 
mostly malachite and chrysocolla CuSi0 3 ,2H 2 (J. The basic, ohlon 
atacamite OuC1 2 ,3Cu(OH) 2 is important in Chile and Peru. 
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Copper occurs in the red colouring mat ter (tvracin) of the feathers of 
tho plan tain -eater ( Touraats ), and in the haemocyanin of the l)lood of the 
cuttlefish, which acts like haemoglobin as an oxygen earner but is blue 
in arterial and colourless in venous blood. Minute quantities of copper 
occur in plants, especially in green peas. Ordinary bread contains 4 mgm. 
of Cu ]>er kg., potatoes 2 mgm. Although t he daily consumption of copper 
in food is about I login., it is said that up to 100 lugm. may he taken per 
day without danger, and higher organisms appear to have heroine to some 
extent immune to copper, although traces of lead and mercury are poisonous 
to thorn. Copper seems to lie necessary to assist, in the mobilisation of iron 
in tho body and in the formation of haemoglobin. Milk has a low copper 
content-. Lower organisms are very sensitive to copper salts and traces are 
added to drinking water in America to destroy bacilli and algae. A solution 
of copper sulphate mixed with slaked lime is used as Hordt'aa.r mi.rhtre as a 
fungicide. Seed corn may he steeped m 0 o per cent copper sulphate 
solution to prevent the development of “ smut 

Metallurgy of copper. Native copper is melted with a iiux and re- 
fined. Oxides fe.r/. cuprite) and carbonates (r.y. malachite) are reduced 
by heating with carbon. Sulphide ores, e.y. copper pyrites ( MFeS,,, from 
which a large amount of copper is obtained, art* smelted by a somewhat 
complicated process The separation of the iron and sulphur from the 
copper in the ore* is difficult, since sulphur has a greater affinity for 
copper than for iron. The essential part of the process is to get rid of 
the iron by oxidation as ferrous silicate m th(* slag and leave the copper 
as cuprous sulphide. This on roasting in air is partly converted into 
cuprous oxide, which reacts with the remaining sulphide to form metallic 

copper : (j) oOuFeK., \ t(> 2 (h.S -» 2FeO + 3N0 a 

(2) FeO \ SiC L - FcSi( ) t 

(3) 2< -ii 2 S - t 30* 2( uA) i 2S() 3 

(4) C’UgS -I 2 (W) (Wu r S ( >2 

The ore is first roasted in a large flat furnace, being raked on the 
hearth to expose a large surface to the air. Fart of the copper and iron 
are oxidised and arsenic is volatilised 
as oxide. The roasted ore is then 
heated in a reverberatory furnace 
(Fig. 3t>l) with silica. In the furnace 
the flames are deflected from the 
roof on to the charge on the hearth. 

A fusible ferrous silicate slag is 
formed together yvith a lower layer 
of matte or roam * nntaL containing p r(; ;wi. lk-v.^homtorv tmna<e. 
ierrous and cuprous sulphides. On 

refloating the process nearly pure cuprous sulphide, called white of Jint 
wtnls is obtained. 
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In the original “ Welsh process^”, the blocks of fine metal were roasted 
in a current of air on the hearth of a reverberatory furnace, when re- 
actions (3) and (4) occurred. In modern practice the molten white 

metal is charged into a 
Bessemer converter and a 
blast of air sent through 
it (Fig. 302). Reactions 
(3) and (4) occur. 

It is essential to the 
success of this process, as 
was shown by the French 
metallurgist Man h (Vs in 
1880, that the air blast 
shall be admitted through 
ports 1 in an annular pipe 
above the base of the con- 
verter, so tlmt the metal 
formed drops below and is 
removed from the oxidis- 
ing action of the blast ; 
in steel-making, on the 
other hand, the blast is 
Fig. 3(32.- -Lower part of blast furnace for coppei. sent through the base of 

the converter. 

Attempts have been made to smelt, sulphide ores directly m a blast 
furnace, using the sulphur in the oro to supply most of the heat, but tins 
method is not suitable) for powdered ore and in America (e.g, at Anaconda) 
very large reverberatory furnaces with sand hearths and tired by gas, oil 
or powdered coal are used. 

In copper extraction by wet processes , burnt pyrites are roasted with 
common salt to form cupric chloride w hich is dissolved in water. Any 
silver and gold present are precipitated as iodides by adding sodium 
iodide, and the copper is then precipitated by scrap iron. Spanish Bin 
Tinto pyrites are stacked in immense heaps exposed to air and rain, 
■when copper sulphate solution is formed and drains out ; the copper is 
precipitated by scrap iron and the pyrites exported for sulphuric acid 
manufacture. 

Copper refining. — The crude copper obtained by smelting is usual!} 
full of bubbles caused by the escape of gas in reaction (4), and is called 
blister copper. It may contain over 98 per cent of copper but requires 
refining, for two reasons : (1) copper is used in making wires or cable- 
for carrying electric current and the conductivity is appreciably lowered 
by traces of impurities ; (2) the crude copper may contain traces of silvm 
and gold, which pay for extraction. 

The copper is often given a preliminary purification by melting on 
furnace hearth, when atmospheric oxygen dissolves in the metal and 
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oxidises impurities such as iron, which form a slag with silica. The 
small amount ol cuprous oxide formed is removed by “ poling ”, in which 
a pole of green wood is thrust into the melted metal. Torrents of re- 
ducing gas (containing methane) 1 nibble up through the metal and re- 
duce the oxide. 

The blocks of copper are then finally purified by an electrolytic pro- 
cess. They are made the anodes in a hath of copper sulphate solution 
acidified with sulphuric acid. The cathodes are thin sheets of pure 
copper (Fig. 363). The copper dissolves from the anode as cupric ions 


Current out 



Kin. — Purification of copper by cloctjolysjs (diagrammatic). 


(IV , which travel to the cathode, where they give up 1 heir charges and 
are deposited as pure copper. Iron, nickel, cobalt, arsenic and zinc pass 
into solution ; gold, silver and any platinum metals (with some im- 
purities, e.g. selenium, tellurium and lead) fall as an anode slime, which 
is collected for the purpose of obtaining the precious metals. The 
electrolytic copper is 9!MM> IMHIO per cent pure. 

A similar process (Jacobi, 1S3T) is electrotyping, used m reproducing 
statues and other works of art. The copper may he deposited on {>1 aster 
casts covered with graphite to render them conducting, and the shell 
stripped off. In the same way, if an impression of printers' type is taken 
on plastic material and the latter covered with powdered graphite, a thin 
deposit of copper may bo formed over the surface by electrolysis. This is 
stripped off and hacked by pouring on molten type metal. The plate may 
then he used for printing. 

Copper may he deposited on iron by dipping the metal in a solution of 
copper cyanide in potassium cyanide, when a thin adherent film ol copper is 
deposited (a spongy deposit is produced from copper sulphate) ; this is 
then thickened by electrolysis in a solution of copper sulphate. Iron rollers 
are in this way covered with copper for use in calico-printing. 

Copper is used for the driving-bands of steel projectiles. I lie driving- 
hand consists of a copper hand recessed into a groove in the base of the shell, 
and projecting slightly above the surface of t he latter so as to be somewhat 
larger than the bore ol the gun. On firing the shell, the copper is squeezed 
into the spiral rilling of the gun -barrel, and the gases are prevented from 
escaping, whilst the shell acquires a rotation which serves to keep it in its 
( rajeetory without turning over. 
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Alloys of copper.™ The alloys of copper with other metals are of 
technical importance. Jims#, Dutch metal , Muntz metal , and Delta 
metal (copper + zinc), and bronze , speculum metal and bell metal (copper 
+ tin), are made by fusing the copper, and adding the requisite amount 
of zinc or tin. Coinage metal contains copper, tin and zinc. 
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Casting bronze usually contains some zinc and lead. Bronze for 
machinery is 80-90 copper, f>- IN tin and 2-10 zinc. The best, brass is 
4 copper and 1 zinc ; common brass contains 22-30 per cent of zinc, 
but metal with 35 40 per cent zinc can still be worked. Silicon bronz< 
‘is used for telegraph wires. Phosphor bronze is hard, elastic, and tough 
delta metal can be forged and rolled as well as cast, and is used for bear- 
ings, valves, and ships’ propellers. Muntz natal is used as a sheathing 
for wooden ships. Monel metal is 7 copper + 3 nickel. 

Properties of copper.— A new surface of pure copper appears salmon- 
pink in colour, but the colour produced by selective reflexion is a deep 
rose-red. as is seen by looking at the fold of a piece of copper foil cleaned 
with nitric acid and bent to a V-shapc. The light is then reflected many 
times from the surface of the metal before entering the eye. The com- 
plementary colour green is seen in the light transmitted through thin 
leaves of the metal, and fused copper also emits a green light at high 
temperatures. 

Pure copper is very malleable and ductile and can be rolled into sheets 
hammered into thin loaves, and drawn into wire. The metal may also 
be “ spun ” on the lathe in the production of seamless vessels. Just 
below the melting point copper becomes brittle, and small quantities of 
impurities reduce the malleability of the metal. 

Pure copper powder is produced by dissolving zinc in a slightly acidi- 
fied solution of copper sulphate, washing the precipitated copper with 
hot water and alcohol, and removing the small quantity of occluded 
hydrogen by heating in a vacuum. 

Copper combines directly with chlorine, bromine, iodine, oxygen and 
sulphur. 
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In pure dry air (topper remains bright, but in town air it rapidJy tar- 
nishes, becoming covered with a very thin adherent brown film. On 
prolonged exposure a green film of basic sulphate (see p. 730) is formed. 
On heating in air the metal is readily oxidised and the product forms 
scales which are black on the outside (cupric oxide OuO), but red on 
the side in contact with the metal (cuprous oxide Cu 2 0). If heated for 

lou b r time in air cu pric oxide is formed. When heated in the oxy- 
hydrogen blowpipe the metal burns with a very brilliant green flame. 
Copper does not decompose water at the ordinary" temperature, or 
steam at a red heat. 

Copper is not acted upon by dilute sulphuric or hydrochloric acid in 
absence of oxygen ; hot concentrated sulphuric acid converts it into the 
sulphate. The metal readily dissolves in dilute nitric acid (unless this is 
Quite free from nitrous acid) with evolution of nitric oxide ; it dissolves 
slowly, u'ith evolution of hydrogen , in hot concentrated hydrochloric 
acid, and more rapidly in hot concentrated hydrobromie and hydriodic 
acids, cuprous compounds being formed. 

Copper forms two series of compounds, the cupric compounds CuX 2 in 
which it is bivalent, and the cuprous compounds OuX in which it is 
univalent. 


Cmtoms Compounds 

Cuprous hydride Cull is obtained as an unstable brownish-yellow pre- 
eipitute by reducing a solution ol copper sulphate, acidified with a tittle 
sulphuric acid, with sodium hypuphosphite at 70‘ : 2( ditith + 3H 8 PO st + 
3H s O - 2( 1 uH i SHil’Oj t 2H 2 S0 4 . It ovolves hydrogen with concent rated 
hydrochloric acid : t’uH HC1 PuPl-i H 2 . 

Cuprous chloride CuCl is fortned as a brown mass when copper burns 
in a limited supply of chlorine, or hydrogen chloride is passed over heated 
copper : 

2Cu + 2HCl-2<hiri+ilo. 

Copper dissolves slowly in hot concentrated hydrochloric acid : 

LVu -1 2H(1-2CuCl + H, 

It dissolves more easily in presence of oxygen, when cupric chloride is 
first formed, but is reduced to cuprous chloride by the copper : 

2Cu + 4HC1 + Oo - 2Cu(\ + 21RO. 

Cuprous chloride is most easily prepared by dissolving cuprous oxide 
in concentrated hydrochloric acid, or by reducing a solution of cupric 
'•blonde. 

The cupric chloride may be reduced : (a) Bv boiling with concentrated 
hydrochloric acid and copper turnings until the solution becomes 
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colourless. On pouring into water, white cuprous chloride is precipi- 
tated: C«C1 2 i Cn = 2CuCl. 

(h) By treating with zinc-dust and hydrochloric acid : 

CuC1 2 + H----CuC1+HC1. 

(c) By passing sulphur dioxide into the solution : 


2CuClo -f SOo + 2H 2 0 = 2CuCl +-H 2 S0 4 +2HC1. 

A mixture of cupric sulj)hate and sodium chloride may be used in the 
last case instead of cupric chloride. 

The following are convenient methods for the preparation of cuprous 
chloride : 


A . Dissolve 25 gm. of cupric oxide in 250 ml. of concentrated hydrochloric 
acid in a flask. Add 50 gm. of copper turnings and boil in a fume-cupboard 
until the solution is colourless. Pour into a litre of previously boiled dis- 
tilled water, filter of! the cuprous chlorido in a Euehner funnel, and wash 
rapidly in succession witli a dilute solution of sulphurous acid, alcohol, and 
ether. Dry on a porous plate in a vacuum desiccator over sulphuric acid. 

B. Pass sulphur dioxide into a solution of 25 gm. of crystallised copper 
sulphate and 12 gm. of common salt in 70 ml. of wator till the liquid, oven 
on standing, smells strongly of the gas. Cuprous chlorido slowly crystallises 
out and a further quantity separates after boiling ; it is filtered and treated 
as in A. 


Cuprous chloride is a white powder which crystallises from concen- 
trated hydrochloric acid in white tetrahedra. It melts at 422°, forming 
a brown resinous mass on cooling ; the boiling point is 1 IMG 0 and the 
vapour density corresponds with Cu 2 Cl 2 If exposed to light when 
moist it becomes dark-coloured {cf. AgCl), and in moist air it forms 
green basic cupric chloride CuG1 2 ,Cu(0H) 2 ,H 2 0. 

Cuprous chloride is insoluble in water but dissolves in concentrated 
hydrochloric acid to form a solution which is colourless when every 
trace of oxygen is excluded, e.g. by keeping in a closed bottle over 
bright copper turnings. The solution in hydrochloric* acid probably 
contains the complex acid H 2 CuC1 ;j or the ion CuCl 3 " (containing 1- 
valent copper) ; it rapidly becomes green or yellow on exposure to air 
owing to oxidation and formation of cupric chloride : 

40uCl + 4HC1 + 0 2 « 4CuCl 2 + 2H 2 0. 

The solution in hydrochloric acid is used in gas analysis for tlv 
absorption of carbon monoxide, when a compound CuCl,C0,2H 2 0 ^ 
formed. Cuprous chloride dissolves readily in ammonia, forming • 
colourless solution of Cu(NH 3 )C1,H 2 0 if all traces of oxygen are exclude* ' 
as by standing over bright copper turnings in a closed bottle. Crystal 
of this compound are obtained by boiling copper powder with a soluti* 
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of ammonium chloride, and cooling. The solution of cuprous chloride 
in ammonia becomes deep blue when exposed to air, Cu(NH,) 4 01 2 (con- 
taining 2-valent copper) being formed. The amrnoniaeal solution of 
cuprous chloride is used in gas analysis to absorb carbon monoxide and 
acetylene ; with acetylene it forms a bright red precipitate of cuprous 
acetylide Cu 2 C 2 . This is explosive when dry ; when warmed with con- 
centrated hydrochloric acid it evolves acetylene : 

Cu,( \ 2 + 2HC1 ~2CuCl + C,H 2 . 

Dry cuprous chloride absorbs ammonia gas to form compounds of 
CuCl with 3, 1J, and 1NH 3 . 

Cuprous chloride is soluble in sodium thiosulphate solution, and 
slightly soluble in potassium hydroxide solution. 

Cuprous bromide CuBr is formed with incandescence as a brown solid 
when bromine acts upon heated copper, but is most conveniently pre- 
pared as a white precipitate by passing sulphur dioxide into a solution 
of 20 gin. of copper sulphate crystals and 8 gm. of sodium bromide in 
300 ml. of water : 


2CuS 0 4 + S0 2 + 2H 2 0 -f 2NaKr 20uBr + 2H 2 S0 4 + Na 2 S0 4 . 

Cuprous iodide Cul is formed by beating copper in iodine vapour and 
is precipitated as a very insoluble white powder on additon of potassium 
iodide to a solution of cupric sulphate. Cupric iodide first- produced as 
a green precipitate is unstable and decomposes into cuprous iodide and 


free iodine : 


20uS0 4 + 4K1 — 2CuI + 2K 2 S0 4 * I 2 . 


If sulphur dioxide or ferrous sulphate is previously added, the iodine is 
reduced and forms cuprous iodide : 


2CuS() 4 f S0 2 + 2H a O + 2KI 20uT + 2H 2 S0 4 + K 2 S0 4 
20uS0 4 + 2FeS0 4 + 2KI « 2CuI + Fe 2 (S0 4 ) a + Iv 2 S0 4 . 


Dissolve 10 gm. of blue vitriol and 12-5 gm. of green vitriol in 250 ml. of 
water and add 7 0 gm. of KI in 75 ml. of water. Filter, wash, and dry the 
7-5 gm. of Cul produced. 


The formation of iodine in the first reaction is applied in the volu- 
metric determination of copper. 

Excess of potassium iodide solution is added, and not more than 3 ml. 
of concentrated HC1 or H 2 S0 4 or (host) 25 ml. of 50 por cent acotic acid for 
100 ml. of solution. Starch is added when the yellow colour of the iodine is 
nearly discharged by thiosulphate and titration is continued till the colour 
is discharged. “ After blueing ” may occur on standing but is prevented 
by adding KCNS at the end of the titration. The solution should contain 
about 0-1 gm. of copper in the volume titrated and 5 times as much KI as 
copper is added. 

Cuprous iodide becomes red and then black on heating, but becomes 
white on cooling. It is sparingly soluble in alkali iodide solution but 
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readily soluble in ammonia and in solutions of potassium cyanide and 
sodium thiosulphate. 

Cuprous oxide 0u 2 0 is a red solid formed by strongly heating cuprie 
oxide with copper filings, or by the partial reduction of cupric com- 
pounds in the presence of alkalis, c.g. by boiling a solution containing 
cupric sulphate, sodium carbonate and sodium sulphite : 

20uS0 4 + 2Na 2 00 3 + Na 2 S0 3 ^ ( \U) 4 .Wa 2 S0 4 + 200 2 , 

or by boiling a solution (Folding's solution) containing cupric sulphate, 
Rochelle salt and sodium hydroxide, with grape sugar. 

Dissolve 0*9 gin. of pure copper sulphate crystals in 100 ml. of water, 
adding 1 drop of sulphuric acid. Call this Solution ^4. Dissolve in 100 ml. of 
water 35 gin. of Rochelle salt (sodium potassium tartrate, NaK( 1 4 H 4 () 6 ,4H 2 0) 
and 10 gin. of sodium hydroxide. Call this Solution Mix together 
25 ml. of A and 25 ml. of Ji : the resulting deep-blue liquid is called 
Fehling’s solution. Roil this in a porcelain dish with a solution of glucose 
(grape sugar). A yellow precipitate is dopositod, which quickly turns to 
bright-red cuprous oxide Cu 2 C). Filter, wash with boiling water and 
alcohol, and dry in a steam oven. 

Cuprous oxide gives a ml colour to the borax bead. When fused with 
glass it forms the cheaper kind of ruby glass . With dilute sulphuric acid 
it gives a solution of cupric sulphate and metallic copper separates : 

Cu 2 0 + H f S0 4 -(!u f (\iSG 4 + 11 2 0. 

Dilute nitric acid in the cold reacts with cuprous oxide to form a 
solution of cupric nitrate and copper : 

0u a 0 -f- 2HN0 3 = Cu(N 0 3 ) 2 + Cu +H 2 0. 

With more concentrated nitric acid, or with dilute acid on heating, 
cuprous oxide dissolves with evolution of nitric oxide: 

:ttii 2 0 4 I4HNO., - OCu(NO ;{ ) 2 4- 2N0 4 7H 2 0. 

Concentrated hydrochloric acid dissolves cuprous oxide with forma- 
tion of a colourless solut ion of cuprous chloride CuCl or a complex acid 
H 2 CuCl ;{ . Cuprous oxide dissolves in concentrated ammonia to form 
a colourless solution if oxygen is excluded, otherwise a blue solution 
containing a cupric compound is formed. 

Cuprous cyanide OuCN is the only stable cyanide of copper. When 
potassium cyanide solution is added to a solution of cupric sulphate, 
the yellow cupric cyanide first precipitated rapidly decomposes with 
evolution of cyanogen gas and white cuprous cyanide is formed : 

CuS0 4 +2KCN - Cu(0N) 2 4- K 2 S0 4 
2Cu(CN) a -= 2CuCN 4- 0 2 N 2 . 

This dissolves in a solution of potassium cyanide, forming a colourless 



xxxvu] CUPROUS COMPOUNDS 727 

solution of potassium cuprocyanide K ;l Cu(UN) 4 , which is a salt of a 
complex anion containing univalent copper : 

K : ,f!ii(CN) 4 - 3K* + Oti(CN T ) 4 '". 

Only traces of copper ions are formed from the further ionisation : 
Cu(UN) 4 //, -CV+4CN , ) 

and the solution is not precipitated by hydrogen sulphide, since the 
concentration of copper ions is not sufficient to exceed the solubility 
product of the very sparingly soluble cuprous sulphide. 

If cadmium is present, a complex eadmicyanido (p. 315) is formed, but 
th# ion Ud(DN) 4 " is sufficiently ionised to givo enough cadmium ions to 
exceed the solubility product of cadmium sulphide : 

Cd(UN) 4 ", Cd*’ + 4(T. 

Potassium thiocyanate gives with a solution <>f cupric sulphate to which 
sulphur dioxide or ferrous sulphate has been added a white precipitate of 
cuprous thiocyanate CuUNS insoluble in hydrochloric acid : 

2CuK 0 4 + »S0 2 t- 2 II s O * 2K( 1 NvS^2(\i(’NS4 2fl 2 S() 4 i K a S() 4 
2CuS0 4 i 2FeS() 4 . 2K(\\S = -2( hUNS . Jfe 2 (S0 4 ) 4 + K 2 S0 4 . 

Cuprous sulphide Uu 2 N, the stable sulphide of copper (p. 731), is formed 
as a blue-black brittle mass when sulphur and copper turnings arc heated 
in a small flask, the copper burning in the sulphur vapour. The pure 
compound is obtained only when the reaction is carried out in a vacuum 
at a high temperature. Cuprous sulphide is formed by heating cupric 
sulphide in a current of hydrogen or carbon dioxide, and it is precipi- 
tated by hydrogen sulphide from a solution of cuprous chloride in 
hydrochloric acid : o C| , n + = Cu 2 S + 1'HCl. 

Cuprous sulphide is only slowly decomposed by chlorine at a red heat 
and is scarcely attacked by fused sodium carbonate. When fused with 
alkali sulphides it forms steel-blue insoluble thiocuprites, e.< f. KCuS and 
Na 3 Cu 4 S 3 . 

Cuprous sulphite is present in the red crystalline ('hirreul's salt 
Cu 1 1 [( t idS() a ) 2 1 , 2 H 2 ( ) , 

precipitated by passing sulphur dioxide into a solution of cupric acetate in 
acetic acid, and boiling. 

Cuprous sulphate (ii 2 S() 4 is formed to some extent whon cupric sulphate 
solution stands in contact with copper : 

Cu" + ( ii - - 2Cu\ 

Tiffs is the cause of the inaccuracy of the ordinary copper coulometer. 
Tho pure salt is obtained as a white powder by heating cuprous oxido with 
dimethyl sulphate, washing with ether and drying in vacuo : 

Cu 2 0 -t (CHJ i S0 4 = 0u a S0 4 + (CH,) t O. 



728 INORGANIC CHEMISTRY [chap 

It is at once decomposed by water, with deposition of Clipper : Cii a S0 4 — 
CuS0 4 + Cu. Its compound with ammonia Cu 2 S0 4 ,4NH 3 ,H 2 0 is more 
stable. 

CvvRic Compounds 

Cupric chloride CuCl 2 is obtained anhydrous as a dark-brown mass by 
burning copper in excess of chlorine or by heating the hydrate 
CuC 1 2 ,2H 2 0 in hydrogen chloride gas at 150°. It is formed as a yellow 
powder by adding concentrated sulphuric acid slowly to a concentrated 
solution of cupric chloride. When strongly heated it loses chlorine and 
leaves cuprous chloride. A crystalline hydrate CuC 1 2 ,2H 2 0 is formed 
in emerald-green crystals by dissolving cupric oxide in concentrated 
hydrochloric acid and evaporating. When free from moisture the 
crystals are blue. 

In concentrated solutions cupric chloride is yellowish-green and on 
adding concentrated hydrochloric acid the colour becomes yellow. 
This may be due to the reversal of the ionisation : CuCl 2 On" + 2C1',. 
the colour of the undissociated salt being yellow, or perhaps a complex 
acid H 2 CuC 1 4 is formed. A very dilute solution shows the pure blue 
colour of the hydrated cupric ion ; t he green solutions probably contain 
a mixture of the blue ion and the yellow un-ionised form or complex 
acid. Cupric chloride is very deliquescent and is also soluble in alcohol. 
The alcoholic solution burns with a fine green Hanie. 

On cooling a concentrated solution of cupric chloride which has been 
saturated with hydrogen chloride, dark red needles of one of the complex 
acids RCuCl 3 ,3H 2 0, H 2 CuC1 4 ,5H 2 0, and H 3 CuC1 5 art' formed, salts of 
which are known. The compound Cu(NtI 3 ) 4 Cl 2 ,2H 2 0 crystallises on 
cooling a hot solution of cupric chloride saturated with ammonia gas. 
Compounds of dry Cu01 2 with 0, 4, J 3 °, and 2NH 3 are known. 

Basic cupric chloride CuCl 2 ,3Cu(OH) 2 is formed as a pale-blue pre- 
cipitate when potassium hydroxide is added to excess of cupric chloride 
solution. It occurs In Atacama, Peru, Bolivia, etc., in the form of a 
crystalline green sand called atacamitc , and is being formed by the action 
of sea water on copper pyrites on the south coast of Chile and in 
Adelaide, Australia. The basic chloride is prepared for use as a pigment 
called Brunswick green by boiling copper sulphate solution with a small 
quantity of bleaching powder. 

Cupric fluoride CuF a is a white powder formed by the action of fluorine 
on copper powder, or by heating the bine hydrate CuF a ,2H a O (from a 
solution of CuO in hydrofluoric acid) in a current of HF below 500°. 

Cupric bromide CuBr 2 is formed in black crystals by evaporating a 
solution of the oxide in hydrobromic acid in a vacuum desiccator 
over quicklime. In solution, it shows the same colour changes as the 
chloride. The green crystal hydrate Cu Br a ,H a O is not easily obtained. 
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The crystalline complex acid HCuBr 8 ,2H s O and corresponding salts are 
known. 

Cupric iodide Cul 2 is unstable and quickly decomposes into cuprous iodide 
and iodine, but in combination with ammonia and ethyienediamme it is 
stable in the form of the compounds ('uI^NH., and Cu(en 2 )I 2 , 1 or 2H z O. 
Cupric nitrite, cyanide and sulphite behave similarly. The black cupric 
thiocyanate Cu(CNS) 2 , can be prepared as a solid. 

Cupric oxide or black oxide of copper OuO is formed by prolonged 
heating of the metal (e.g, pieces of wire or turnings) in air or oxygen, or 
by heating cupric nitrate: 2Cu(N0 3 ) 2 - 2CuO +4N0 2 + 0 2 . A purer 
oxide is formed by heating the basic carbonate. Cupric oxide is a 
black solid which is stable up to about 800‘ but at higher temperatures 
it evolves oxygen and forms some cuprous oxide Cu 2 0. Hot cupric 
oxide is readily reduced to metal by hydrogen, carbon or organic sub- 
stances. The oxide dissolves in a borax bead, colouring it blue. If a 
little tin oxide or stannous chloride is added, the cupric oxide is reduced 
to cuprous oxide which forms an opaque red bead. Cupric oxide is 
used to give blue and green colours to glass. 

When cupric oxide is dissolved in dilute acids, blue solutions ot 
cupric salts are formed, c.y. : 

OuO + H 2 K() 4 - CuS0 4 + H 2 0. 

Concentrated hydrochloric acid gives a yellow solution of cupric chloride 
Cu01 2 . 

On adding a solution of potassium or sodium hydroxide to a solution 
of a cupric salt, a pale- blue gelatinous precipitate of cupric hydroxide 
is formed, insoluble in excess of alkali but soluble in ammonia. With 
excess of cupric salt, the precipitate (as stated by Berthollet) is a basic 
salt CuS0 4 ,3Cu(0H) 2 , or Cu01 2 ,3Cu(0Il) 2 or Cii(NO s ) 2f 3Cu(OH) 2 . If a 
little of copper salt solution is added to an excess of concentrated 
alkali, a deep- blue colloidal solution is formed. A crystalline hydroxide, 
Cu(OH) 2 , is obtained by adding ammonia to a boiling solution of copper 
sulphate till the green precipitate becomes blue, washing, and warming 
with fairly concentrated sodium hydroxide solution. 

If the pale-blue precipitated hydroxide is boiled with water it forms 
a black solid usually formulated as 4Cu0,H 2 0 which is granular and 
easily filtered. On heating to dull redness this forms CuO. 

Cupric hydroxide readily dissolves in ammonia, forming a deep-blue 
solution known as Schweizer's reagent. This dissolves cellulose (filter paper, 
cotton wool), and if the solution is squirted into dilute acid a thread of 
amorphous cellulose is formed which is one variety of artificial silk. I he 
solution may also be applied to canvas to form a water-tight coating of 
amorphous cellulose (Willesden canra is). The blue ainmoniacal solution 
contains Cu(OH) 2 (NH 3 ) 2 and Ou(OH) 2 (NH 3 ) 4 , 
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A red copper sesquioxide Ou 2 O n , probably containing tervalent copper, 
is formed by the action of potassium persulphate on a suspension of cupric 
hydroxide in baryta water, or by electrolytic oxidation of copper in very 
concentrated sodium hydroxide, and it appears to form percuprates, e.g. 
BaCu 2 0 4 . Hydrogen peroxide converts cupric, hydroxide, or a solution of 
cupric hydroxide in potassium hydroxide, or sodium cupric carbonate, into 
yellowish-brown hydrated copper peroxide, possibly ( HO)( 'u - O- O — Cu(OH), 
which forms hydrogen peroxide with acids. 

Only basic cupric carbonates are known ; the most important are the 
minerals chessylite (or aznritc) 20uC0 3 ,Cu(OH) 2 (deep blue) and 
malachite CuCO : „Ou(OH) 2 (bright green). On heating, basic copper 
carbonates lose water and carbon dioxide and leave black cupric oxide. 

The green pat ina formed on copper exposed to air, usually described as 
the basic carbonate, is nearly alw ays the basic sulphate CuSO 4 ,30u(0H )«. 
which occurs as the mineral hrochnntilc, although occasionally the basic 
carbonate is present. In places near the sea or where salt spray is 
carried by the wind the basic chloride 0 uC1 2 ,30u(0H ) 2 (afacannte) is 
formed. The definite compounds are formed only after a prolonged 
exposure of about 70 years. 

The pale blue precipitate' formed on adding sodium carbonate solution 
to copper sulphate solution has the composition of aznritc. 

The X-ray spectra show that the structures of aznritc and malachite are 
0u a (OH) 2 (( , O J ) a and ( *11 ,(()H > 2 ( ’O;,. Blue crystals of sodium cupric carbonate 
Na 2 ( 1 u(( , () 1 ) 2 ,3]LO arc formed by warming the precipitated basic carbonate 
will) a solution of sodium carbonate and bicarbonate. Cupric, carbonate 
forms stable coordination compounds with ammonia and othylciiediamino, 
CufNHahCO, and ( u(en li )( < fK,2H 2 (). 

A mixture of basic carbonates called verditcr is precipitated by a solution 
of sodium carbonate f rom a. solution of a cupric salt. Aznritc dissolves in a 
hot solution of sodium bicarbonate and on boiling the solution deposits a 
green powder of malachite. 

Cupric acetate (. , u(C 8 H 3 O a ) 2 ,2H 2 () forms dark-green crystals; the basic 
acetate Cu(C 3 H 3 0 2 ) 3 ,< 'u(OI l) 2 is the bright-green pigment verdigris, made 
by allowing plates of copper to stand with alternate layers of “mares” 
(grape skins after pressing the juice from the grapes in wine factories), then 
packing the sheets on end and moistening with sour wane, which form* 
acetic acid C11 3 ( 001I : 

2Cu f 2CH 3 ( OOH i (> 3 ni(CJT a 0 2 ) 2 ,< 4 u(0H) 2 . 

Cupric nitrate is prepared by dissolving the metal, oxide, or basic 
carbonate in dilute nitric acid, and on evaporation forms blue deli 
queseenl prismatic crystals of Cu(N0 3 ) 2 ,3(or (>)H 2 0. On beating, they 
lose water and nitric acid, forming a basic salt Ou(NO a ) 2 ,3Cu(OH } 
which is also precipitated from solution by ammonia. Cupric nitrah 
decomposes on beating : 

2Cu(X() { ) 2 20u() >4X0., + 0 ? , 
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It has powerful oxidising properties : if a few crystals are moistened and 
wrapped in tinfoil, sparks are emitted. The anhydrous salt is obtained 
as a white powder by the action of a solution of nitrogen pentoxide in 
fuming nitric acid on the crystalline hydrate. 

Cupric nitrite is known only in complex and coordination compounds such 
as K t Cu(NO,) 6 and (*ii(NII,) 4 (NO t ) s ,2H,0. 

Cupric sulphide CuS is a black solid formed by heating copper powder 
with excess of (lowers of sulphur at a temperature below 440°, by the 
action of a solution of sulphur in carbon disulphide on copper powder, 
or by precipitating an acid solution of a cupric salt with hydrogen 
sulphide. (The precipitate usually contains cuprous sulphide and sul- 
phur.) In the moist state it is rapidly oxidised by air, forming a blue 
solution of tin* sulphate. It is slightly soluble m yellow ammonium 
sulphide and the hot solution on cooling deposits crystals of (NH 4 )CuS 4 ; 
similar compounds arc formed with other alkali metals, and they may 
contain cuprous copper, i.e. arc salts of HUidttj, derived from H 2 S 4 . 
Cupric sulphide is less stable than cuprous sulphide and loses sulphur 
when gently heated alone or in hydrogen : 

2CuS CugS-tS. 

Cupric sulphate C 1 uS0 4 , generally known simply as copper sulphate , 
the commonest cupric salt, crystallises from water in large blue tri- 
clinic crystals CuS0 4 , oil 2 0 called bl uv vitriol or hi uestone . 1 1 is obtained 
by dissolving cupric oxide or basic carbonate in dilute sulphuric acid and 
crystallising. Anhydrous cupric sulphate is formed in the preparation 
of sulphur dioxide by heating copper with concentrated sulphuric acid : 

On f 2H 2 S() 4 -0 uSO 4 + 2H 3 0+-K0 2 . 

Crystallised copper sulphate is obtained from the cold residue by dis- 
solving in water, filtering and evaporating. Some black copper sulphide 
is also formed. 

According to Cundall (1914) the reaction first forms cuprous sulphate 
Cu,S0 4 ; if the acid liquid is cooled, filtered through asbestos, and poured 
into water, a rod precipitate of copper is formed : 

Cu,S0 4 - CuS0 4 + Ou. 

Cuprous sulphide Cu 2 S deposits as a black powder in the earlier stages 
of the reaction, but is afterwords mostly decoin posed and the final product is 
almost entirely CuS0 4 : 

1. W 4 u + 4H 2 S() i 3( u 2 SO, i Cii a S t 41KO. 

2. 2< ’u + 2H a S0 4 Ou.,S0 4 f 2H # G 4 SO,. 

3. 5Cu-»S0 4 + 4H 2 S() 4 - CmS 4 SOuS0 4 4 4H,(). 

4. Uu.S b 2li»S0 4 CuS i 0uS0 4 f 211,0 + SO*. 

5 . OuuS \ 4H,SC) 4 CuS() 4 4- 4SOo 4 411,0. 
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Equations (1) and (3) give Pickering’s equation : 

5Cu + 4H 2 S0 4 = Cu 2 S + 3CuS0 4 + 4H 2 0. 

Copper sulphate is prepared on the large scale by the action of dilute 
sulphuric acid on copper in the presence of air : 

2Cu + 2H a S0 4 + 0 2 = 2CuS0 4 + 2H a 0, 
or by the “ weathering ” of copper pyrites, which may first be roasted : 
CuS + 20 a = CuS0 4 . 

Commercial cupric sulphate usually contains ferrous sulphate, with one 
hydrated form of which EeS0 4 ,5H 2 0 it is isomorphous and forms mixed 
crystals. If the solution contains a considerable amount of copper, the 
crystals consist of (Cu,Fe)S0 4 ,5H 2 0 ; if tho iron predominates they have 
the composition (Fe,Cu)S0 4 ,7H 2 0. Similar results are obtained with zinc 
sulphate. The iron may be separated by boiling the copper sulphate solu- 
tion with a little nitric acid, which oxidises ferrous to ferric sulphate, this 
remaining in the mother liquor on crystallisation. 

The solubilities of CuS0 4 ,5H 2 0 in g. CuSOJIOO g. H 2 0 are : 

0° 15° 25° 30° 50° 00° 80° 100° 104° 

14-9 19-3 22-3 25-5 33-6 390 53-5 73*5 780 

The salt CuS0 4 ,5H 2 0 is insoluble in alcohol and is precipitated in 
small crystals when alcohol is added to the solution. Several crystalline 
hydrates are known. On exposure to air the blue pentahydrate crystals 
effloresce to a pale blue powder of CuS0 4 ,3H 2 0, which is best made by 
exposing the pentahydrate over P 2 O ft in a desiccator at 25°-30° for about 
eleven days till the weight corresponds with trihydrate. The penta- 
hydratc crystals at 100° crumble to a bluish-white powder of mono- 
hydrate CuS 0 4 ,H 2 0. At 220°-2()0° this loses most of the combined 
water, but 0-04 per cent is retained even at 390°, and the salt begins to 
lose sulphur trioxide at higher temperatures before all the water is 
expelled. Anhydrous CuS0 4 is a white powder best prepared by heating 
powdered pure, CuS0 4 ,«5H 2 0 (made from electrolytic copper) in a U-tube 
at 240° in a current of dry air until the weight corresponds with CuS0 4 . 
If the material contains a trace of iron the product is discoloured. 

Copper sulphate is stable to 653° but decomposes completely at 736° : 
CuS0 4 — CuO +S0 3 . The white powder obtained by dehydration at 
260° is used to detect water in alcohol, ether, etc., when it becomes blue. 
Anhydrous or hydrated copper sulphate absorbs hydrogen chloride gas 
and is decomposed by it at 400° or by the aqueous acid : CuS0 4 + 
2HC1 - CuCl 2 + H 2 S0 4 . This reaction may be applied in separating 
hydrochloric acid from other gases, such as sulphur dioxide. 

Copper sulphate is used in making green pigments, as a mordant i» 
dyeing, and in making Bordeaux mixture (a mixture of the solution an- 



XXXVII] SILVER 733 

milk of lime) as a wash to kill moulds and fungi on vines. The sulphate 
solution is also used in steeping wheat to prevent the growth of fungus. 

If a solution of cupric*, sulphate is precipitated with ammonia and the 
precipitate dissolved in excess of ammonia, a deep- blue solution is formed. 
If a layer of alcohol is poured carefully over this solution in a cylinder, the 
latter corked to prevent evaporation, and the whole allowed to stand, long 
transparent deep-blue rhombic prisms of* Cu(NH 8 ) 4 »S0 4 ,H 2 0 are deposited. 
Cupric chloride forms Cu(NH 3 ) 4 f , l 2 , 2 ir 2 0 , which crystallises on cooling a 
hot solution of cupric chloride saturated with ammonia gas. Anhydrous 
cupric sulphate absorbs ammonia gas, forming a 1 >lue powder of UuS0 4 ,r>NH„ 
which dissociates to form CuS() 4 ,4NH 8 and CuSO^NH,. Anhydrous 
cupric chloride absorbs ammonia, gas forming ('u(U 2 ,(>NH 3 which readily 
dissociates on heating, forming CuCl 2 ,4NH ;{ , 3(hCJ a ,10NII 3 , and CuCC 
2 NH 3 . The latter on heating decomposes as follows : 

(>(('ni n 2 ,2NJI 3 ) tiCuCl 4 «NH 4 Ci \ 4NH 4 + N 2 . 

The atomic weight of copper ])roved difficult, to find exactly. Richards 
determined the ratios OuBr 3 : 2AgBr, and Cu : 0uN0 4 ,5H 2 0 (which gave 
a poor result), etc., and also coni] wired the weights of copper and silver 
deposited by electrolysis. The valency follows from the atomic heat. 

Silver 

History. — Silver was known in Prodynastie Egypt (c. 4000 B.c.) but was 
very rare. A fine Chaldean silver va.se of 2850 b.c. is in the Louvre. The 
oldest silvor probably came from North Syria and Asia Minor, which were 
centres of Hittite civilisation. Silver mines io Spain were worked at an early 
date. 

Occurrence. — Silver occurs native, occasionally nearly pure but 
usually containing copper and gold. Important ores are the sulphide 
argentite (or silver glance) Ag 2 S (the commonest ore), cMorargyrite (or 
horn-silver) AgCl. pyrargyrite (or ruby-ail ver) Ag 3 KbS 3 , slromeyerite (or 
silver -copper glance) (Cu,Ag) 2 S, and stephanite Ag 5 SbS 4 . Less important 
are proustite Ag 3 AsS 3 , bromargyrite AgBr, and iodargyrite Agl. Traces 
of silver occur in sea water. Most copper and lend ores contain small 
amounts of silver, which is extracted in copper refining (p. 721) and 
from argentiferous lead ; silver is extracted from the ores of the Ontario 
cobalt mines, and in North America, Mexico, Peru, Bolivia, Broken 
Hill (N.8. Wales), and Japan. 

Metallurgy. — Silver is extracted from its ores by several processes. 

I. The cupellation process, the oldest, is mentioned in the Bible and 

described by Strabo arid by Pliny as in use in Spain. Lead from 
valena is nearly always argentiferous and forms an important source of 
' fiver, and the process is also used with alloys formed by smelting lead 
: nd silver ores together. The argentiferous lead is first dosilvered 
' \v the Pattinson or Parkes process (see below) and the lead-silver alloy 
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rich in silver is then melted on a flat dish or cupel formed of bone-ash. 
A blast of air is driven over the surface of the molten metal (Fig. 364) 
when the lead is oxidised to lead monoxide or litharge PbO, which 
fuses and is swept off by the air blast . The last portions of litharge are 
absorbed by the porous cupel and a bright mass of silver is left. 



Kto. 304. — ( -upeJlation furnace. 

When the metal contains 60-70 per cent Ag the temperature is raised and 
a little sodium nitrate added to remove impurities. In the last stage of the 
process the litharge film becomes so thin that indiscent colours are seen ; 
the bright silver surface then “ flashes out (an appearance sometimes 
called by the German name bhek ") and the metal contains 99-5 per cent, 
of silver. 

II. The Pattinson process (1K33). On cooling fused argentiferous lend 
nearly pure lead separates. The crystals are removed by perforated 
iron ladles and the remaining liquid alloy becomes richer in silver, if 
the process wen' carried far enough, lead and silver would begin to 
separate out together at the eutectic point (2*5 per cent Ag). In 
practice seven-eighths of the lead arc* removed. The process is carried 
out in a row of ten iron pots, the lead separated being passed on from 
pot to pot to 1)0 remelted, and the liquid alloy passed in the other 
direction. The silver gradually accumulates in the alloy at otic end of t b<* 
series, and desilvered load at the other. The rich alloy is then cupelled. 

In the modification known as the Luce-Rozan process only two pots up* 
used, a small upper melting pot and a large lower crystallising pot. Ti c 
lead is deposited in the latter by blowing steam at 50 ll>. pressure throu-di 
the fused metal, whilst cold water is sprayed on the surface. When tc " 
thirds of the lead have separated the liquid is strained off through a p* f* 
foratod plate. T he separated lead is remelted and the process repeated un. ' 
the proportion of silver mechanically retained in the lead crystals is sut 
eiently small. In this process any copper and antimony are removed tr< > 
the lead. 
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III. The Parkes process (1$5<>). Molten lead dissolves only about 
1 per cent of zinc and molten zinc only 1 per cent of lead. Silver, how- 
ever, is soluble in zinc. One or two per cent of zinc is added to fused 
argentiferous lead at a temperature above the melting point of zinc, 
when tin* molten alloy of zinc and silver floats to the surface and solidi- 
Jies on cooling. A second lot ol zinc is then added. The crust is skimmed 
off with a, perforated ladle and strongly heated with carbon in a fire-clay 
retort. Zinc dist ils lea\ ing silver which is cupelled. A continuous 
process is also used. The Parkes is superseding the Pattinson process. 

The zinc alloy may also be electrolysed (as anode) in zinc chloride solu- 
tion ; zme is deposited on the cathode and silver is left. To remove traces 
of zinc dissolved in flu* lead, the latter is heated to redness and a blast of 
steam forced through if, when zinc oxide riM.\s to the surface. Zinc is now 
often removei I as chloride l>\ treatment with chlorine. 

Any gold and copper present in the lead are also removed by the zinc. 
The desilvored load contain* only 0 0004 percent of silver, whilst that 
obtained by the Pattmson process contains 0-001-0*002 per cent. Tf 
bismuth is present (winch ma\ be objectionable and is difficult to remove 
from the lead), it goes to the ardent iferous part in the Pattinson process, 
tjut, remains in the lead m <lie Parker process. 

IV. Amalgamation process. The amalgamation process has been used 
since 1557 m Mexico, where find is scaice, but is being replaced by 
the cyanide process (see below). 

The ores containing metallic silver, silver chloride and sulphide and a 
large, ijuuntity of rock arc finch crushed in stamping nulls worked by 
mules, and the fine mud mixed with a little salt is then well trodden by 
mules on a paved floor or Mercury is added together with a little 

roasted pyrites, containing cupric and terra- sulphates, and the treading 
is continued for fifteen to fort\ live da\s. Popper chlorides arc probably 
first produced from (lie toasted pv rites and salt, and these decompose 
the silver sulphide with formation of siIut chloride : 

2i u(‘L • AgwS 2AgPl t 2C , uO i 8 

2Pu('l • AgjS Cu..s , 2Ag(L 

The silver chloride then dissolves in the salt brine and is roducod by the 
finely divided inrrcurv . 

2Ag('l • 211 g 2Ag HgX’h. 

The silver amalgamates \\ i I h (lie excess of mercury. About 1 per cont of 
sodium in the mercury prr\ cuts flic format ion of a lino powder, which would 
he lost in washing. The amalgam is separated h\ washing, the excess of 
mercury is pressed out in canvas bags, and the residuo is distilled in iron 
retorts to recover the meirurv . 

V. Wet processes (Percy anil Patera, Augustin, Zierxogel, etc.). I he 
ore is roasted either alone, when soluble silver sulphate is formed 
and can be lixiviated, and precipitated with copper, or with salt when 
silver chloride is produced which is extracted with hot common salt 
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solution or a solution of sodium thiosulphate, and the silver precipi- 
tated as silver sulphide by sodium sulphide. 

In the modern cyanide process the unroasted ore or concentrate, finely 
ground in ball mills, is leached with a dilute (0*4 per cent) solution of 
sodium cyanide, the slime being well agitated by a stream of air. 
Soluble sodium argentocyanide NaAg(CN) 2 is formed : 

4Ag 4 8NaCN 4 2H 2 0 + 0 2 - 4NaAg(CN) 2 4 4NaOH 
Ag 2 S 4 4NaCN ^ 2N aAg(CN) 2 4- Na 2 S. 

The sodium sulphide is oxidised to sulphate by aeration : 

4Na 2 S + 2H s O + 50 2 = 2Na 2 S0 4 4 4NaOH 4 2S. 

The silver is precipitated from the solution by zinc : 

2NaAg(CN) 2 4 Zn -2Ag 4Na 2 Zn(0N) 4 . 

Silver is now largely obtained from native silver in Mexico, the U.S.A. 
and Canada. Some comes from gold and copper refining, and from ores 
of other metals (copper, zinc, and lead). 

Silver is refined by cupellation, or it if contains gold by the Moebius 
process by electrolysis in silver nitrate solution with about 1 per cent of 
free nitric acid ; the cathode is a plate of pure silver and the anode a 
block of the silver to be refined. Silver is deposited, copper dissolves, 
and the gold present in the anode deposits as a slime which is collected 
in a canvas bag. 

Pure silver.— -In order to obtain pure silver, the commercial alloy with 
copper is dissolved in dilute nitric acid, when copper and silver nitrates 
are formed. The solution is evaporated and diluted with water. 
Hydrochloric acid is added to precipitate silver chloride, which is 
filtered and washed with hot water till free from acid. Silver chloride 
is also formed by adding hydrochloric acid to laboratory “ silver 
residues ”. Silver can be obtained from the chloride in several ways. 

(a) The dry silver chloride is fused in a crucible with sodium carbonate, 
when a button of pure silver is formed : 

4Ag01 4 2Na,CO s - 4Ag 4 4NaCl 4 2C0 2 4 0 2 . 

A crucible furnace should be used, as silver has rather a high melting point 
(960°). 

(b) The moist silver chloride is boiled with sodium hydroxide solution ami 
grape sugar, when the oxide first formed is converted into a grey powder of 
metallic silver, together with a dark-brown solution containing the oxida- 
tion products of the sugar : 

2AgCl 4 2NaOH - Ag a O 4 2NaCl 4 I1 2 0 ; Ag 2 0 - 2Ag 4 O. 

The silver is well washed with boiling distilled water. 

(c) Dilute sulphuric acid is poured over the moist silver chloride and i 
stick of pure zinc placed in the mixture. The chloride is reduced, formic 
a grey mass of silver powder (molecular silver ), which is washed and dried 

Ag€l 4 H Ag I- HOI. 



PROPERTIES OF STEVE R 


737 


XXXV II] 

The silver from (6) or (o) may be fused in a crucible with sodium carbonate 
to form a button. (If silver is fused in a glazed porcelain crucible, the glaze 
becomes yellow, owing to the formation of silver silicate). Stas distilled the 
silver in a quicklime retort with tho oxyhydrogon blowpipe. Richards 
showed that pure fused silver contains a little occluded oxygen, which may 
be removed by fusion on lime in an atmosphere of hydrogen, but the metal 
then contains a trace of calcium. 


Properties of silver. — Silver is a pure-white metal, which conducts 
heat and electricity better than any other metal. The in. pt. is 9(50-5° 
in absence of air and 956° in air (when some oxide is formed). It boils 
at 1955° forming a pale-blue vapour, the density corresponding with the 
formula Ag. Silver is very malleable and ductile ; it can be beaten into 
leaves 0*00025 mm. thick, which become somewhat transparent on 
heating. Very thin films deposited on glass transmit blue light. 

Silver, like gold and platinum, is a “ noble ” metal, not oxidised in 
air at the ordinary temperature. On exposure to ordinary air it 
slowly tarnishes and becomes covered with an adherent film, which is 
yellow, blue and black with increasing thickness. This film is composed 
of silver sulphide Ag 2 S, formed by the decomposition of hydrogen 
sulphide in the air in presence of oxygen : 

2 H 2 S + 4 Ag + 0 2 — 2 Ag 2 S f2H 2 0. 


The staining of silver spoons used with eggs is also due to the formation 
of silver sulphide from tho combined sulphur in the albumin of the egg. 
The tarnish is readily removed by a dilute solution of potassium cyanide 
(poisonous / ), followed by washing in plenty of water. 


Fused silver dissolves up to 20 times its volume of oxygen, which is 
liberated as soon as the metal begins to solidify, when the metal “ spits ”, 
part of the fused metal being forced out as globules or excrescences. 
This is a good test of the completion of cupellation. It is prevented by 
covering the metal w ith charcoal powder. Silver is attacked bj chlorine, 
and more slowly by bromine, iodine and sulphur. It dissolves in hot 
concentrated hydriodic acid with evolution of hydrogen. It is not 
attacked by hydrochloric acid or dilute sulphuric acid, but is attacked 
by boiling concentrated sulphuric acid or cold dilute nitric acid. Silver 
resists the action of alkalis, even fused, hence silver crucibles are used 
for fusion with caustic alkalis, but may be replaced by those ol pure 
nickel, although the latter is slightly attacked. 

Silver deposited on glass by reduction is used in the manufacture of 
mirrors. This may be demonstrated as follows. 


Clean a test-tube with boiling nitric acid, wash well with water, and 
prepare in it a dilute solution of silver nitrate. Add dilute ammonia drop 
by drop until the brown precipitate of silver oxide is almost vedi^t . 
Then add potassium hydroxide solution and a solution of Rochelle salt 
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or grape sugar, which acts as the reducing agent. Dhwo the tube in a 
beaker of hot water. A mirror of silver is deposited on the tube. 

A colloidal 'Solution of silver may be prepared by BredigV method of 
striking an eleetrie art* between silver wires under water. The metal is 
volatilised, and condensed in tin* water in the form of very small 
particles which remain in colloidal suspension. Colloidal silver is also 
formed by reduction with ferrous sulphate, etc., in presence of sodium 
citrate, when a red transparent solution is formed. Colloidal silver 
stabilised by alkaline albumin solution is called protanjol and is a dark- 
brown liquid used as a disinfectant in ophthalmic eases. 

Commercial silver is alloyed with copper because the pure metal is too 
soft for coinage or jewellery work. The proportion of silver in 1 00c 
parts of alloy is called the fwvmsH. British sil\er has a Oneness of 92f>. 
United States of 900. Cadmium alloyed with silver makes it easier to 
Work. 

Electroplating with silver — The eleetrodeposition of silver is applied 
in the silver eoulometer (p. 223). 

Formerly, copper goods were plated by laying a strip of silver on a 
bar of clean copper, heating and rolling the bar to the required thick- 
ness. This is known as Sheffield plate , and the layer of silver is much 
thicker than with electroplated goods, (kipper articles are electro- 
plated with silver bv making them the cathode in a solution of silver 
cyanide in excess of potassium cyanide, tin* anode being a plate of pure 
silver. The solution contains potassium argent ocyanide : 

KAg(CN) 2 — K +Ag(CX) a '. 

The anion is very slightly dissociated : 

Ag(CX)/ .-I* Ag- 4 2CX', 

and the silver ions are deposited on the cathode as a coherent film of 
metal instead of the crystalline metal formed from silver nitrate solu- 
tion. The cyanide ions discharged on the silver anode form silver 
cyanide, which dissolves in the solution. The net result is the transin 
of silver from the anode to the cathode. Bright deposits are formed if 
carbon disulphide is added to the solution. A compound of silver 
nitrate and thiourea can be used instead of cyanide. 

Silver (V impounds 

Silver in its ordinary compounds is univalent, but a few compound- 
of bivalent silver are known. Unlike copper, it does not form has*' 
salts. The silver salts are ionised in solution. The* test for the silv< i 
ion is the formation of a white curdy precipitate of silver chloride Ag< T 
insoluble in dilute nitric acid but readily soluble in ammonia, potassim ; 
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cyanide or sodium UiiosuJjihatc. Complex compounds wliicli give only 
a few silver ions are formed in these solut ions. 

Silver fluoride Agf is ( he only 1 1 ;i I ■ 'i/rn compound of silver appreciably 
soluble in water. Hydrofluoric acid doe*, not mi , m 1 |„. nidal, but dissolves 
the oxide. The fused suit, winch contains niclnllx silver : 

-*\gl'' ■ 2H s O I Ag i I H K , () 2 . 

is till elastic black mass, easily cut w it I, scissors. Acid fluorides Ay I I K„ and 
AgH 3 F 4 art.; described. 

Silver subfluoride Ag 2 t, which is bright yellow, crystalline mid elect ricallv 
conducting, is formed bv heat mg u solution .,f AgFuith silver powder, or by 
the electrolysis of AgF. It has a charactenst ic X-ra\ spectrum. 

Silver chloride A gH occurs native as hnnusdrer or rhlorttrgyrife. It 
is pre part'd by adding hydrochloric acid or a chloride to a solution of 
silver nitrate , it readily fuses {in. pt. 45; > )toa dark -yellow litpiid which 
solidities on cooling to a soft, colourless. tough mass, described as 
argentum cornu by Com ad keener (15T»5), by Malthesius (15S5) as 
“ glass-ore, transparent 1 iki horn in a lantern ", and as hunt comm by 
Oswald (Toll (1(>0S), who sa\s tt was used by the alchemists in the 
fraudulent transmutation of lead into silver. Silver chloride boils at 
1 550“, the vapour density corresponding with Ag(l The fused chloride 
according to Stas is quite insoluble in cold water, hut the curdy preci- 
pitate is slightly soluble, it dissolves slightly in dilute nitric acid on 
standing, dissolve's in 200 parts of concentrated hydrochloric acid, is 
fsiirlv easily soluble' in sodium chloride solution, and dissolves readily in 
dilute ammonia, forming the complex ion Ag(XH >),/, and in solutions of 
potassium cyanide and sodium t hiosulphate. Solid m!\ er chloride absorbs 
ammonia, forming Agri,5\H ., 2Ag(T2NH { , and either compounds. 
The thiosulphate solution contains a stable complex ion Ag(SXbj)./", 
and sodium silver thiosulphate Xa 4 | Ag 4 (S.,O tl ) ] e>r Na-| Ag ,(N.,0 4 )| ] separates 
in crystals em adding alcohol or evaporation in a vacuum. It has a 
strong swee t taste 

Silver chloride is not decomposed b\ cold concentrated sulphuric acid, 
but the boiling acid dissolves it . 

2Ag( 4 i HjjSOj Ag.>SU 4 +2H<1. 

It is reduced em heating in hydrogen (silve r iodide is only incompletely 
reduced even at high temperatures) : 

2Ag( M ilk 2Ag 

Silver bromide AgBr forms a pale-yellow precipitate insoluble (like 
Hie chloride) in dilute nitric acid, and only sparingly soluble in dilute 
■omnonia but rt'adily in concentrated ammonia. It does not absorb 
'umnonia gas, but liejuiel ammonia converts it into AgBr,5NH n . 

Silver iodide Agl is formed as a light-yellow pree*ipitate, insoluble 
a dilute nitric acid and only sparingly soluble even in concentrated 
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ammonia (which changes its colour to white), but soluble in sodium 
thiosulphate solution, hydriodic acid, and saturated potassium iodide 
solution. Silver iodide exists in three different crystalline forms. 
From - 10° to 72° it contracts on heating. 

Compounds of silver and thallous halides (which do not form mixed 
crystals) known are 2AgCl, 3T1C1 and 2AgBr, 3T113r. 

Silver chlorate AgC10 3 is soluble and is formed by dissolving silver ox id 
in chloric acid and crystallising, or by passing chlorine into a suspension 
of silver oxide in water, filtering and evaporating : 

3Ag a O f 3Cl 2 - Ag( H0 3 4- 5AgCl. 

It decomposes on heating into chloride and oxygon, and a trace of chlorine. 
It is reduced by sulphurous acid : AgCl0 3 + 3S0 2 4- 3H 2 0 - AgCl 4 3H 2 SO, . 
Silver perchlorate AgCK) 4 is soluble in water and in benzene. Silver bromate 
and iodate are formed by precipitation since, unlike the chlorate, they arc 
sparingly soluble. 

Silver oxide Ag 2 0 is obtained by precipitating a solution of silver 
nitrate with sodium hydroxide solution, filtering, washing and drying 
the brown precipitate at when it is almost black : 

2AgN0 3 +2NaOH - Ag 2 0 +2NaNO a -f H s O. 

The hydroxide AgOH is said to be precipitated from alcoholic silver 
nitrate solution bv alcoholic potasli at - 30°, but it is very unstable, 
passing into the oxide. Silver oxide may also be obtained by boiling 
silver chloride with sodium hydroxide solution. Silver oxide is slightly 
soluble in water (0*03 gm. per litre), forming a solution alkaline to 
litmus, and the moist solid readily attracts carbon dioxide from the air. 

Silver oxide cannot be completely freed from water. It is completely 
decomposed on heating at 300° into silver and oxygen. It is said to he 
formed by heating finely divided silver at 300° in oxygen under lo atm. 
pressure. It is used as a base and as an oxidising agent in organic 
chemistry and for giving a yellow colour to glass, a yellow silicate 
Ag 2 Si0 3 being formed. When the oxide is dissolved in ammonia and 
the solution exposed to the air, a black precipitate containing silver nitride 
Ag 3 N is deposited, which is very explosive when dry, and is called 
fulminating silver. 

Silver suboxide Ag 4 0 is formed by the action of steam at 180° on t he 
subfluoride Ag 2 F. 

Silver carbonate Ag 2 00 3 is a light-yellow powder (white when pun ) 
formed by precipitating silver nitrate solution with an alkali carbonari*, 
or preferably a mixture of carbonate and bicarbonate ; it decomposes 
on heating into silver, oxygen and carbon dioxide. With excess 
potassium carbonate, a white double carbonate KAgC0 3 crystallises n 
cooling a hot concentrated solution. Moist silver oxide absorbs carl- -u 
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dioxide to form silver carbonate. Silver earbonate is sparingly soluble 
and is almost completely hydrolysed in solution. 

Silver acetylide Ag 2 ( 2 is an explosive white solid proei pi luted bv acetylene 
from aminoniacal silver nitrate solution. 

Silver cyanide Ag(’N is formed as a white precipitate from a silver salt and 
cyanide solutions ; it dissolves in excess of e\anide to form the complex ion 
Ag(CN) 2 \ salts of which, K Ag(CN) 2 , etc., and also the free acid HAg(CN) 2 , 
are known in the solid form. Silver thiocyanate AgCNS is formed as a very 
insoluble white cheese-like precipitate, insoluble in nitric acid but soluble 
in KCNS solution, forming the complex salts KAg(CNS) 2 , K 2 Ag(CNS) s and 
K s Ag(CNS) 4 . 

Silver nitrate AgN0 3 is the most important silver salt. It is made by 
dissolving silver in hot dilute nitrie acid, evaporating and crystallising, 
when colourless transparent rhombic crystals art* formed, which are 
very soluble in water. It is also soluble in alcohol, pyridine, etc. The 
salt readily fuses (rn. pt. 20H J ) and when cast into sticks forms lunar 
caustic. Silver nitrate is readily decomposed by organic matter such 
as paper, cork or the skin, deep-black metallic silver being deposited, 
so that a solution of silver nitrate is used as an indelible ink for marking 
linen. The black stain can be removed by a dilute solution of potassium 
cyanide. 

Silver nitrate decomposes at -450°, when oxygen and nitrogen dioxide 
are evolved and silver remains : 

2 AgNO., - 2Ag + 2N0 2 + 0 2 . 

The decomposition point is much higher than that of copper nitrate, so 
that this may be separated from silver nitrate by heating, adding water, 
and tillering from the copper oxide. 

Solid silver nitrate absorbs ammonia gas with evolution of heat and 
forms a compound AgN0 3 ,3NU. } . 11 ammonia is added to a solution of 
silver nitrate until the silver oxide first precipitated is dissolved, and 
the liquid is evaporated out of contact with air, crystals of a compound 
AgN0 3 ,2NH 3 separate. I >ouble salts, e.<j. AgN0 3 ,NH 4 N0 3 and AgNO s> 
KN0 3 , are known. 

Silver nitrite AgN() 2 is formed as a yellowish-white precipitate when 
solutions of silver nitrate and sodium nitrite are mixed. It may be crys- 
tallised from hot water. It decomposes on heating, evolving nitric oxide 
and leaving silver nitrate and silver ; 

2AgN() 2 AgNO, ^ NO * Ag. 

Silver phosphide AgRg is formed from the elements on heating. 

Silver orthophosphate Ag 3 P0 4 is formed as a pale-yellow precipitate 
when a solution of sodium phosphate is added to one of silver nitrate. 
The reaction is usually represented by the equation : 

3AgN0 3 + Na 3 HP0 4 = Ag 3 P0 4 + 2NaN0 3 + HN0 3 , 


2a 
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but as the precipitate is readily soluble in nitric acid, only about two- 
thirds of this amount of silver is precipitated : 

6AgN0 3 + ifNaJl P0 4 — 2Ag 3 I > 0 4 4 6NaN0 3 4 H 3 P0 4 . 


Silver hydrogen phosphate Ag 2 HP0 4 is deposit ed in white crystals from a 
solution of the phosphate in phosphoric acid. Silver metaphosphate 
AgPO ;} and pyrophosphate Ag 4 P 3 0 7 are white precipitates formed by 
adding silver nitrate to solutions of the corresponding sodium salts. 
Silver arsenite Ag 3 As() 3 and silver arsenate Ag a As0 4 are canary-yellow and 
light chocolate- brown precipitates, respectively. Tim arsenite dis- 
solves in ammonia, and if the solution is boiled silver is deposited : 


2Ag 3 As0 3 -+*2AH a — bAg -f As 2 0 3 + Ai 2 -h3H 2 0. 

Silver sulphide Ag 2 S is a black solid formed when silver is heated with 
sulphur or in hydrogen sulphide, or silver nitrate solution is pre- 
cipitated with hydrogen sulphide. It is insoluble in ammonia and 
sodium thiosulphate solution, but dissolves in potassium cyanide 
solution and in hot dilute nitric acid. 

Silver sulphate Ag 2 S0 4 is formed by boiling silver with concentrated 
sulphuric acid, or by precipitating a solution of tin 1 nitrate 1 with dilute 
sulphuric acid. It is sparingly soluble in water, blit dissolves readily 
in dilute nitric acid or concentrated sulphuric acid. Silver sulphate 
decomposes at a red beat : 

Ag 2 S0 4 -- 2Ag 4 - S() 2 4 0 2 . 

Silver hydrogen sulphate AgHS0 4 is formed in light-yellow crystals 
when the sulphate is dissolved in less than three parts of sulphuric acid. 


Silver thiosulphate Ag 2 S a O a is formed as a precipitate on mixing equiva- 
lent amounts of silver nitrate and sodium thiosulphate in solution. It m 
difficult to obtain pure (when it is white), and decomposes when boiled with 
wator * 

Ag 2 S,(), i H,() Ag 2 S ♦ H 2 K0 4 . 


Photography. — The blackening of silver chloride on exposure to light 
was observed by Boyle, who explained it as due to the action of air. 
Kehcele (1777) showed that if the blackened substance is digested with 
ammonia, unchanged silver chloride is dissolved and a residue of silver 
remains. He also noticed that violet light acts most strongly on th< 
chloride, whilst red and orange light have practically no action. 

The first to turn the sensitive silver salts to uccount in making light, 
pictures, or photographs, was Thomas Wedgwood (1802). In 1N«‘D 
Daguerre allowed iodine vapour to act on a polished silver surface, which 
was exposed in the camera, and an invisible image was produced. Th ' 
treated plate was exposed to mercury vapour, which condensed only <>" 
the portions which had been acted upon by light, leaving the unalten 
iodide in the shadows. The iodide was removed by a solution of sodiur 
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thiosulphate, as suggested h\ Herschel, and the picture thus fixed or 
rendered non -sensitive lo light. Arch cr (JSfiJ) used h transparent film of 
collodion spread on glass, and impregnated with zinc or cadmium bromide 
or iodide. I bis was t real n< J before use by unmersion m a solution of silver 
nitrate, when the halide was deposited. The plate was exposed in the 
camera whilst still wot. and then do\ elnpod (Talbot, 1839) by immersion 
in a solution of a reducing agent such as pyrogallic acid, which converted 
the altered halide into black metallic silver. The unaltered halide was then 
dissolved out by potassium evanide or sodium thiosulphate, and a negative 
produced, in which the light and shade m the picture are reversed. Positives 
were obtained by laying the negative on a. piece of paper coated with silver 
chloride, and then exposing for some minutes to sunlight or bright daylight, 
when the chloride was sufficient 1\ changed m colt >ur to give a positive 
“■ print. The print could lie fixed in the same way as the plate, when a 
yellowish silver image was left. The colour was much improved by 
immersing the print, before it was fixed, in a solution of gold chloride 
(brown to purple tones), or potassium chloroplatimte (grey tone), some of 
the silver being dissolved and replaced by the nobler metal. 

Ill the modern process the light-sensitive medium is usually a sus- 
pension or 'emulsion " of siher halide in gelatin. The halide used 
depends on t he particular type of photographic* material. High-speed 
plates and films contain a mixture of bromide with a small proportion 
of iodide* : process plates, fast lantern plates and bromide paper con- 
tain bromide* ; warm tone* ehlnrohromide ” papers and lantern plates 
contain a mixture* of chloride and bromide . gaslight papers and lantern 
plates contain chloride Self-toning print-out papers usually have a 
collodion emulsion containing silver chloride, silver citrate*, gold chloride 
and citric* acid. The* \urious types of gelatin emulsion are prepared by 
adding silver nil rate to a solution of gelatin in hot water containing 
alkali halides in the required proportions. The warm emulsion, after 
“ripening” for some time, when the silver halide* grains increase in 
size, is allowed to cool and se*t. The jelly is cut up, washed with water 
to remove soluble salts, and is them remelt(*d and coated as a, thin film 
on glass (for “ plates "), celluloid (for ' films "), or on paper having a 
specially prepared surface*. All operations are* carrie*d out in the* dark, 
or in light of a colour to which the* photographic material is not sensi- 
tive. By adding ccrlain dyes (“ sensitizers ) to the photographic 
emulsion, it is possible* to make it sensitive to rays which do not affect 
ordinary photographic materials : thus eryf hrosine* makes the emulsion 
sensitive to yellow and greem in addition to the blue and violet rays 
(“ orthoehromat ie ") , some cyanine derivatives confer sensitivity to 
the whole visible spectrum (“ panchromatic* ’ ) and other cyanine deri- 
vatives make the emulsion sensitive* to the near infra-red region, rays 
which are* capable of penetrating fog and haze* well enough to render 
long-distance photography possible. 

After exposure* in the* camera, which may b<* only a small fraction of 
a second, the film or plate does not change in appearance, but in reality 
a change has occurred! in the places on which light has fallen. It is 
developed by immersing in a solution of a reducing agent such as pyro- 
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gallol, hydroquinone, or metol, in the presence of alkali and sodium 
.sulphite. The exposed silver halide is then reduced to black metallic 
silver : C 6 H 4 (OH ) 2 + 2 AgBr - 0 6 H 4 0 2 + 2 Ag + 2HBr. * 

To prevent over-vigorous development, when some of the unexposod 
halido is reduced and loads to “ fogging ” of the plate, potassiun\ bromide 
is added to the developer. It retards development by lowering the solubi- 
lity of the silver bromide or chloride. Dosensitizers are dyes (usually of the 
safranine class) which when dissolved in the developer solution enable 
development to be carried out in fairly bright artificial light instead of the 
very dim red or green light usually employed. After washing, the film or 
plate is fixed in a solution of sodium thiosulphate. iSwitivo prints are 
usually made on bromide or gaslight papers, which are exposed, developed, 
and fixed in the same way as plates. 

Sheppard (1925) found that the very high speed of photographic emul- 
sions is due to the presence of traces ( 1 part in 100,000 to 1 part in 300,000) 
of organic sulphur compounds present in the gelat in. The exact mechanism 
of the photochemical changes is still obscure. According to one theory, a 
subhalide, c,g. Ag 2 Br, is formed bv the transfer of bromine to the sensitizer. 
Later work points, however, to a purely physical explanation (.July, 1905). 
Halides of silver on exposure 1 to light emit electrons, and the photo- 
sensitiveness is in the ratio of the order of the photo-electric effect: 
AgBr > AgCl >- Agl. Cathode rays (free electrons) and X-rays (which pro- 
duce free electrons from matter) also produce photographic effects. Shep- 
pard and Trivelli (1920--I92S) consider that minute nuclei of silver and silver 
sulphide (" sensitivity specks ’') which are present in silver halide crystals, 
play an important part, electrolytic action being set up on exposure to light 
which enlarges the nuclei so Unit they may become centres of development. 
Toy and Harrison (192K) found that the electrical conductivity of silver 
halides increases on exposure to light, and suggest that on exposure the 
halogen ions lose their extra electron, which is thus tret* to convert a silver 
ion to a silver atom. The quantum efficiency of the process (p. 210) is 1 
(Eggert and Noddack, 1923} : the primary process is confined to the halide 
ion: Hal'- Hal -t- followed by the secondary reaction Ag* \ Q--Al:. 
According to Hamburger (1933) as lew as three silver atoms, arranged as m 
the silver crystal lattice, are able to act as a centre from which development 
may proceed. It seems to bo well established that photosensitivity depends 
to some extent on the nature of the adsorbed gelat in-silver or dye-siher 
com] ilex on the surface of the halide crystals. Ncheoles original experi- 
ments, however, prove conclusively that chemical reactions occur when tiu v 
light is prolonged, and loss of chlorine with the formation of silver (not sub' 
halide) has been established by experiments with the microbalanee (Hur- 
tling, 1922-25). Up to 95 per cent may be decomposed. Rehalogenution 
restores the original weight and colour. 

Bivalent silver. — Apart from the oxide AgO and difluoride AgF 2 , 
simple compounds of bivalent silver are known, but some dark-coloured 
coordination compounds of salts of bivalent silver have been prepare*’ 
Since the ion has the same outer electronic structure as the cupric ion tlic' 
are paramagnetic. Some compounds are isomorphous w r ith compounds • 
bivalent copper and cadmium. 
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Argentic fluoride AgF 2 is formed by the art ion of fluorine on silver powder 
(Huff, 1934). Argentic oxide Ag() is formed (i) by the action of boiling 
water on the compound Ag 7 NO u (which may contain argentic nitrate) 
formed in black crystals on the anode in iho electrolysis of silver nitrate 
solution ; (ii) by precipitating silver nitrate solution with potassium or 
sodium persulphate (ammonium persulphate reacts differently) ; (iii) by 
oxidising Ag 2 () with hot alkaline permanganate solution. It was thought 
to be silver peroxide Ag 2 () 2 , but Harbieri showed that its solution in con- 
centrated nitric acid does not reduce MidL, Pb() 2 <>t- KMnO t , and oxidises 
iodine to periodic acid. 

Anodic oxidation of silver nitrate in presence of pyridine gives the orango- 
red compound of argentic nitrate [Ag py 4 |(i\() 3 ) 2 , and a series of compounds 
containing dipyridyl [Agdipy 3 |X 2 , where X X()„ HSU 4 , bS 2 0 8 , GJ() 3 and 
n() 4 , and other coordination compounds, arc known. 

By anodic oxidation of a solution of Ag() m nitric acid the oxide Ag 2 0 3 of 
tervalent silver is formed (Barhien, 1931), and this seems to he contained in 
the black oxide precipitated with persulphate (Yost, 1325), 

Gold 

History. — Gold occurs in I he free state and with its marked colour and 
brilliance was probably one of the first- metals known to man. Gold 
ornaments are found m neolithic remains. 

Occurrence. ( Sold usually occurs native, alloyed with a certain 
amount of silver and sometimes copper and traces of platinum. Some 
tellurium compounds of gold occur m small amounts, and traces of gold 
arc found in all igneous rocks, in pyrites and other ores, and in sea 
water (less than ^th grain per ton). Gold is recovered from burnt 
pyrites. 

Elect nun is a native alloy of gold and silver, containing 15 to 45 per cent 
of silver ; green gold contains 10 per cent, of silver. These alloys wore used 
in ancient Kgypt and called anew. Australian gold sometimes contains an 
appreciable amount of silver and is pale in colour. 

Metallurgy. — The gold sometimes occurs in isolated “nuggets” or 
grains in sands or alluvial gravels, or else in hard quartz “ reefs The 
gravels are broken up bv powerful jets of w ater, and the rock is crushed 
in stamping mills or usually in ball-mills. By modern processes, quartz 
containing only 0 00 1 per cent, and gravels containing only 0-00003 per 
cent, of gold can be profitably worked. From the gravel washing, grains 
of gold are separated by passing tin* mud through long w ooden troughs 
with battens across the bottom, or over blankets, which catch the heavier 
gold particles, the particles of rock being washed away. The slime 
from mills is sometimes passed over amalgamated copper plates, when 
the gold adheres to the mercury, but the cyanide process (MaeArthur 
and Forrest, 1887) is now generally used and can be applied to finely 
stamped ore or “ tailings 11 from other processes. 

The material is percolated in large vats with false bottoms with a 
weak solution of potassium or sodium cyanide in which, when exposed 
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to air, the gold dissolves. The solution containing the complex auro- 
cyanide KAu(CN) 2 is reduced by adding charcoal or passing through 
boxes containing thin zinc shavings (the packages in which the cyanide 
is exported supply the zinc), when gold is precipitated as a black mud. 
The powder is fused in graphite crucibles and sent for refining : 

4Au + 8KCN + 2H S 0 + 0 2 = 4KAu(ON) 2 + 4K0H 
2 KAu(CN) 2 + Zn — K 2 Zn(ON) 4 + 2Au. 

Auriferous pyrites or “ concentrates ” are treated by Plattner’s 
chlorine process ; they are roasted, moistened with water and ex- 
posed to chlorine gas in tubs with false bottoms, when gold dissolves 
as trichloride AuOL,. This is washed out with water and the solution 
reduced with charcoal or ferrous sulphate : 

Au01 ;t + 3FeS0 4 - An + Ft> 3 (N0 4 ) 3 + Ee01 3 . 

Bromine water is now often used instead of chlorine. 

The gold bullion is refilled in various ways. Jf it contains silver it may 
be boiled with nitric or concentrated sulphuric acid, which dissolves the 
silver, provided the alloy does not contain more than one-third its 
weight of gold ; if it contains more gold it is melted with silver to form 
an alloy which- contains one-quarter its weight of gold, hence the pro- 
cess is called “ quartation ”. 

In the Miller process, used at the Ottawa Mint, chlorine gas is passed 
through the melted metal covered with borax, when silver chloride is 
formed and floats to the top. In an electrolytic process, the gold bullion is 
made the anode in gold chloride solution containing hydrochloric acid, pure 
gold being deposited on the cathode. 

Properties. — Gold is a bright-yellow metal of high density and is a 
good conductor of heat and electricity. Its melting point (IO(>,T ) lies 
between those of silver (961") and copper (1083). Gold is the most 
ductile and malleable of all metals; it can bo beaten into leaves loss 
than 0-0001 mm. thick by first beating between sheets of vellum and 
finally between sheets of gold-beater's skin. Gold leaf transmits green 
light, which is seen bv holding burning magnesium behind gold lent 
between two sheets of glass. Deposits on gold lace are only 0*000002 
mm. thick hut still show the metallic lustre. 

Gold is not attacked by oxygen at any temperature nor by singli 
acids except selenic and iodic. It dissolves in chlorine water or in 
aqua regia (a mixture of concentrated nitric and hydrochloric acid* 
which liberates chlorine). It is attacked by fused alkalis (unlike 
silver) and by fused nitre. Gold compounds are very easily reduced 
to the metal. 

Colloidal gold is formed by Bredig’s process (p. 738) or by reducing a 
solution of gold chloride with phosphorus, ferrous sulphate, formaldehyde, 
etc. The solutions are ruby-rod when the gold purtiolos are very fine, aim 
blue with coarser particles ; the red solut ions are more stable in presence 
of a little gelatin. By precipitating gold chloride solution with Btannoii 
chloride, a purple powder called purple of Cassius (discovered by Andrea 
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Cassius and described in 1684) is thrown down ; according to Moissan this 
is a colloidal form of stannic oxide with adsorbed colloidal gold ; 

2AuC , l s +3Kn( , l a 1 6HX) 2 An \ 3SnO a i I2HG1. 

It is used in making gold ruby glass ; the glass when fused with the powder 
is at first colourless, but the red colour develops on annealing. 

Gold is too soft for use in the pure state, so that it is alloyed with cop- 
per or silver, or both. Copper makes the metal redder, silver makes it 
pale. These alloys are malleable. Traces of lead and bismuth make 
gold brittle ; a purple alloy containing AuA 1 2 is formed with aluminium. 

The fineness of a gold alloy is often expressed in “ carats ”, pure gold 
being 24 carat line and standard alloys are 22, IS, 15. 12 and 9 carat, con- 
taining these proportions of gold in 24 parts. The alloy is l ' assayed ” by 
cupellation witli lead, the button containing gold and silver lining then 
“purled ” by flattening, heating with nitric u»*id to dissolve the silver, 
heating to redness and weighing on an as.>a\ halanee. 

Gold plating is carried out in the same wav as silver plating by de- 
position from a bath containing gold cyanide dissolved in potassium 
cyanide*-, the requisite amounts of copper and silver being added, when 
these metals are deposited with the gold. 

Gold coinage has almost entirely gone out of use, the metal being 
stored in ingots in vaults as a standard of value. The great rise in price 
of gold has made it profitable to work deeper and poorer lodes than was 
formerly thought possible. 


Gold Compounds 

Gold forms aurous compounds AuX, all sparingly soluble, in which it 
is univalent, and the more important auric compounds AuX 3 in which 
it is tervaient . Torn pounds (AuCh, AuBib, AuO, AuS, AuS0 4 ) 
apparently containing bivalent gold may contain uni- and tervaient 
gold, Au|AuCl 4 ], etc. Gold shows a marked tendency to covalency with 
a coordination number of 4 in aura* compounds, c.g. gold tribromide is 
probably : |> r Hr Hr 

An An 
Hr Hr Br 

Gold dissolves in uipia regia to a bright yellow solution which on 
evaporation deposits deliquescent, yellow crystals of chloroauric acid 
HAu(/ 1 4 , 3 or 4H 2 G (commonly called “* gold chloride ), soluble in water, 
alcohol and ether. This loses hydrogen chloride at 120 ' to form deep-red 
crystalline aune chloride AuGl a . which is also formed on evaporating 
a solution of gold in chlorine water and heating at lo0°. 

Chloroauric acid is easily reduced in solution to metallic gold by 
hydrogen gas or exposure- to light. It forms salts, e.y. light-yellow crys- 
tals of KAuC 1 4 ,JH 3 0 on mixing with concentrated hydrochloric add 
and potassium chloride. 
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At 175° AuC 1 3 decomposes to a light-yellow powder of aurous chloride 
AuCl, which at higher temperatures is reduced to gold. Aurous chloride 
is insoluble but is decomposed by cold water : 3 AuCl — AuC 1 3 -f 2Au. 
On heating, KAuC 1 4 forms the aurous compound KAuC1 2 . 

Auric bromide AuHr 3 is formed in black crystals by dissolving gold in 
bromine. With potassium bromide it forms purple-rod KAuBr 4 ,2H 2 0. At 
115° AuBr 3 forms yellowish-grey or green aurous bromide AuBr, decomposed 
at a somewhat higher temperature into gold. 

A green precipitate of auric iodide Aul 3 is formed on adding gold chloride 
solution to potassium iodide solution, but it soon decomposes into aurous 
iodide and iodine (of. Cul 2 ). It dissolves in potassium iodide solution to 
form KAuI 4 , black crystals decomposed by beat with separation of gold. 
Aurous iodide AuT is formed as a yellow or greenish -yellow crystalline 
powder by the action of iodine on gold at 50°— 114°, or the action of iodine 
in ether solution on gold. It is decomposed by heat and by water only 
on warming. 

By the action of cold dilute alkali on aurous chloride a violet powder 
said to be aurous hydroxide AuOH is formed, which at 200° is said to 
form violet-grey aurous oxide Au 2 0 ; according to Pollard (1920) it is a 
mixture of gold and auric oxide Au 2 0 3 . Aurous oxide or hydroxide is a 
very weak base. 

Auric hydroxide is formed as a reddish-brown powder by decomposing 
gold chloride (HAuC 1 4 ) solution with alkali, or better with magnesium 
oxide or basic carbonate, and washing with dilute nitric acid (in which 
most of it dissolves). It is a very weak base, and also dissolves in hot 
potassium hydroxide solution, and on evaporation in vacuum pale- 
yellow needles of potassium aurate KAu0 2 ,3H 2 0 separate. Sodium aurate 
NaAu0 2 ,H 2 0 is formed by fusing gold powder with sodium peroxide, 
dissolving and crystallising. 

At 140°- 150° auric hydroxide slowly forms auric oxide Au 2 0 3 , and 
at higher temperatures metallic gold. (AuO is said to be formed at 
155°~165°.) 

Three gold sulphides are described. Aurous sulphide Au 2 S is formed as a 
greyish-black precipitate on saturating a solution of potassium aurocyanide 
with hydrogen sulphide and adding hydrochloric acid to the clour solution. 
It dissolves in sodium polysulphide solution forming sodium sulphauratc 
NaAuSg (a compound of 3-vulent gold). AuS, perhaps Au^Au 11 ^, j, is pre- 
cipitated by hydrogen sulphide from neutral gold chloride solution : 

8AuC1 3 + 9H 2 S + 4H 2 0 - 8AuS + 24HCI + H 2 S0 4 . 

Auric sulphide Au 2 S 3 is an amorphous black powder formed by the action 
of hydrogen sulphide at - 10° on lithium chi ora urate, LiAu(JJ 4 ,2H 2 0 : 

2LiAuCl, + 3H 2 8 - Au 2 S 3 + 2LiCI -t ttHOI, 
extracting the LiCl by alcohol, and drying at 70 . It is decomposed b> 
water. 
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Gold when fused with sodium sulphide and sulphur forms a mass soluble 
in water and the solution on evaporation in vacuum deposits colourless 
crystals of sodium sulphaurate NaAuS.,,4H 2 0 (derived from Au,N 3 ). Stahl 
(1715) fancifully suggested that Moses used this method to dissolve the 
Golden Calf ! 

The complex sodium thiosulphaurite Na :j | Au^N-jOa)*!, *1I 2 0 formed by the 
reaction: AuC1 3 -i 4Na 2 S 2 () ;i — Na a |Au(S ? O g ),,| Na 2 S 4 O fl | SNaGl, crystallises 
in colourless noodles and is used in medicine as sanochryshi (Greek chrusos, 
gold). It is not reduced by ferrous sulphate, oxalic acid or stannous 
chloride. 

Potassium aurocyanide KAu(ON) a is an important compound, formed 
when gold dissolves in potassium cyanide* solution in presence of oxygen 
and on dissolving fulminating gold (see below) in boiling potassium 
cyanide solution, separating on cooling in colourless crystals. On 
evaporating a solution in hydrochloric acid and washing the residue, 
yellow aurous cyanide AuCN remains. Colourless crystals of potassium 
auricyanide KAu ,,, (ON) 4 ,ij H.,0 deposit on cooling a hot concentrated 
solution of auric chloride* and potassium cyanide : it is not reduced by 
ferrous sulphate. 

The ion Aid^tCN)/ containing ter valent gold is (liko And/ and 
Aulir/) planar, but the isomeric mu Au^CN),"' of univalent gold is (like 
Ou(CN)/" and Zn(( , X), // ) tetrahedral. 

Oxysalts of gold are very uncommon. Upsides the sulphates AuS0 4 and 
Au 2 (S0 4 )a (probably (AuO)HK<) 4 ) there is an acid nitrate II | Au(N() a ) 4 ],3H 2 C) 
(wliieli forms crystalline salts), basic nitrates, and a fairly stable yellow' 
crystalline selenate Au a (SeO t ) 3 separating from a solution of gold in hot 
seleuic acid. 

The supposed compounds of biralnd (fold are now usually regarded as 
complex compounds containing univalent gold in the cation and tervalent 
gold in the anion, c.g. AuCI 2 is Au*[ Au 1,l ri 4 1, etc. 

Fulminating gold is an olive-green pow'der of rather variable composition 
formed by digesting auric oxide or hydroxide with ammonia. W hen dry it 
detonates violently when heated or struck, forming gold, nitrogen, ammonia 
and steam. Raschig (18815) formulated fulminating gold as HN-~Au - * 
NH 2 ,fH 2 0. It- is also precipitated by ammonia from gold chloride solution 
and then contains some chlorine. According to Woitz (1915) this fulmina- 
ting gold is vl n 

x Au — NH -Au 
HoN NH.. 

with chlorine partly replaced by OH. Its explosibility is increased on 
washing with ammonia, when perhaps |Au(NH 3 ) 2 (OH) 2 JOH is formed. By 
the action of ammonia- on aurous oxide sesquiauramine ISiAu 3 ,NII 3 is formed, 
which on boiling with water ion ns aurous nitride Au 3 N. 

A delicate test for gold is t-o jxmr the boiling solution into a little concen- 
trated stannous chloride solution, when the precipitated stannous hydro- 
oxide has a purplish colour if traces of gold are present. 



750 INORGANIC CHEMISTRY [chap xxxvn 

A sparingly soluble caesium silver gold chloride, CsjAgAuCl, or 
[CsAgClj] [CsAuClj] 

is used in the mierochemical detection of caesium. 



CHAPTER XX XV 111 
THE ALKALINE-EAltTH METALS 


The elements of Ooup II in the Periodic Table arc all metals. They 
are divided into two sub-groups, the odd series and the oven series, and 
usually as follows : 

(a) Even series : beryllium. mag- (h) Odd series : zinc, cadmium and 
nesium, calcium, strontium, mercury, 

barium and radium. 

In most ways beyvllium and magnesium resemble more closely the 
metals of the (h) series and will be described with them. Radium has 
been described in Chapter XXI II. 

All these metals arc bivalent. The so-called cadmous salts 
(Od.O, Odd) are mixtures of bivalent cadmium compounds and finely 
divided metal. The mercurous salts such as calomel, in which the metal 
seems to be univalent, Hgd, have the doubled formulae Hg 2 X 2 , in 
which the group — Ilg Hg— , made up of two bivalent mercury atoms, 
is also bivalent. All the metals form stable basic oxides MO and (ex- 
cept inereun ) hydroxides M(OH) a Then* is a regular increase in the 
solubility of those hydroxides m series (//) with increase in atomic 
weight , those oi series (h) art 1 jiraetieally insoluble 1 in water. 

The older chemist^ t :a\e the mime varth to all non. metallic substances 
insoluble in water and unchanged b\ tire. Lime and magnesia were found 
to have an alkaline read ion and were called (tlkwloir ntrthXi the name being 
afterwards applied to baryta and strontiu. The alkaline earth metals wore 
isolated b\ Davy in ISOS by the clectmI>sN of solutions of the chlorides 
with a mercury cathode, and distilling the amalgams so formed. Lavoisier 
had suggested that, like other bast's ", the earths \\ ere oxides of metals. 
The metals were obtained in a coherent form by Bunsen and Matthicssen in 
18 f)/)“(> by elect roi\ sing the tused chlorides with a carbon anode and a thin 
iron wire cat hodc 

The metals of the alkaline earths are all silver-while, oxidise in the 
air and decompose water, though less vigorously than the alkali metals. 
Calcium, strontium and barium form hydrides MFL, and true peroxides 
MOo in which the metal is bivalent (]>. HIT). 1 he alkaline-earth metals f 
and also magnesium combine directly with nitrogen, forming nitiidcs 
M 3 N«. Their compounds give distinctive colours when moistened with 
hydrochloric acid and heated on platinum wire in the Bunsen flame . 
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calcium, orange-red ; strontium, crimson ; 
radium, carmine-red. 


[chap 

barium, apple-green ; 


The physical properties of elements of the even series (oxcept radium) 


are : 

Be 

Mg 

Ca 

8r 

Ba 

Atomic number 

4 

12 

20 

38 

56 

Elect run i *c m 1 igumt.ior i 

2-2 

2-8-2 

2-8-8-2 

2*8- 18-8-2 

2-8-I8-18-8-2 

Density - 

1S4 

1-74 

1-55 

2-54 

3-78 

Atomic volume 

4-60 

13-97 

25-9 

34-5 

36-7 

Melting point - 

1280 

651 

851 ° 

800° 

710° 

Boiling point - 

1 500“ 

1100 

1439 

1366° 

1537° 


Calc r u m 

History. — The history of the chemistry of limestone and quicklime has 
been dealt with in Chapter V. 

Metallic calcium. — Metallic calcium was discovered by T)avv in 1808. 
It is prepared on a technical scale by the electrolysis of fused calcium 
chloride. 


The cathode is an iron or a water-< 
surface of the fused chloride (Fig. 36, 



fluorides on heating, but not the 
carbon dioxide it forms calcium ox 


•oolod graphite rod which touches the 
i»). The cathode is slowly screwed up 
as the calcium accumulates ami the 
metal is drawn out into the form 
of an irregular rod, protected from 
oxidation by a layer of chloride. 
A mixture of 100 parts of calcium 
chloride and 1 6-5 parts of fluorspar, 
which melts at a lower temperature 
(660 ) than pure calcium chloride 
(782') has boon used as an electro- 
lyte. 

Metallic calcium is a silver- 
white light metal rather harder 
than lead. It oxidises slowly in 
moist air. Although it has a high 
boiling point, calcium readily 
sublimes in a vacuum at 800 . 
It- burns brightly when heated m 
oxygen and com bines direct 1> 
with hydrogen, nitrogen, sulphur 
and chlorine. Calcium reduce.- 
nearly all metallic oxides and 
chlorides on heating ; it reduce* 
the alkali metal chlorides and 
iodides. When rapidly heated ii 
de and carbide : 


5Ca, + 2C0.,— 4Ca() + ( -aC., 
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(Calcium oxidises slowly in moist air and decomposes cold water slowly, 
evolving hydrogen, and calcium turnings are used to free absolute 
alcohol from the last trace of water. 

Metallic calcium is used in hardening lead, debjsrnuthising lead (Betterton 
process), deoxidising copper, iron, and steel, desulphurising petroleum, and 
reducing oxides of beryllium, thorium, chromium, and uranium. An alloy 
with aluminium lias been used. 

( WlUM CoMPOt'N 1 )S 

Calcium hydride Cni 1 2 is a white solid formcrl with incandescence on 
heating calcium in hydrogen : it is stable m air but is violently decomposed 
by cold water, with evolution of hydrogen : 

Calf 2 f 2ILO~Ca(OH),s 2II 3 . 

Calcium fluoride CaP 2 , which occurs native as fluorspar, is nearly 
insoluble in water (0 01 o gm. lit. at 18 c ) hut the precipitated fluoride is 
more soluble in ammonia, ammonium salts and acids. When heated on 
charcoal before the blowpipe it evolves hydrofluoric acid and leaves 
calcium oxide. 

A rod calcium subfluonde ('tup'* is formed by beating calcium fluoride 
with calcium above? 1400 . 

By dissolving limestone or marble in hydrochloric acid a solution of 
calcium chloride CaOL is formed. This usually contains ferric chloride 
as impurity, and is yellow. A little chlorine water is added to oxidise 
any ferrous iron, then t he solid ion is Altered and milk of lime added until 
the liquid is slightly alkaline. On boiling, ferric hydroxide is precipi- 
tated ; the filtered ‘liquid is neutralised with pure hydrochloric acid and 
evaporated to a syrup, when colourless very deliquescent* crystals ol the 
hexahydrate DaDL.blLjO separate on cooling. These dissolve in water 
with considerable lowering of temperature and the eutectic point is 
- f>5° ()n heating the erxstals at 200° water is evolved and a white 

porous deliquescent dihydrate (a(1 2 ,2H,0 remains, which is used for 
preparing solutions for refrigerators. If heated more strongly a porous 
mass of the anhydrous salt is formed, w hich is used in drying gases, etc. 
This fuses at 773 and forms a hard crystalline deliquescent mass 
on cooling. The product contains a little free lime unless fused in 
hydrogen chloride gas. (Commercial calcium chloride is made fiom 
the residues of the ammonia-soda process (p. flA2). I he dihydrate 
and the anhydrous salt evolve heat when dissolved in waiter. Calcium 
chloride dissolves readily in alcohol. Anhydrous calcium chloride 
absorbs ammonia gas forming the compound (. a(4 2 ,SNH 3 , which dis- 
sociates on heating, first forming UaUL,4N H :J . 

If a solution of 120 parts of CnCl in 100 parts of water w cooled to 
38 j ~18°, a totrahydrate, DaU 2 ,4H ><). sepa, rates, which exists in two forms, 
a and ft. At 45-3°, the stable a form gives fVi(M 2 ,2H 2 () ; at 177*5 , CuCl^HaO 
separates from the solution ; at 200' , anhydrous UaUl 2 (Roozeboom, 1889). 
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A basic chloride CaCl 2 ,Ca(0H) 2 ,H 2 0 is formed in needles by boiling ealcimn 
hydroxide with calcium chloride solution. 

Hornberg (101)3) observed that freshly-fused calcium chloride is phos- 
phorescent ; Baldwin (1074) had noticed the same property with calcium 
nitrate. Perfectly pure salts arc not phosphorescent : the property is due 
to the presence of traces of heavy metals, such as bismuth. 

Calcium bromide CaBr s (m. pt. 730") and calcium iodide, Caf 2 (m. pt. 740°) 
are similar to t he chloride. The bromide forms ( 'aBr.,,0H 2 O and the iodide 
hydrates with 0 and SH 2 0. Red calcium subchloride Ga 2 Cl a and calcium 
subiodide Ca 2 I 2 are formed by heating the chloride and iodide with ealcimn 
and rapid cooling. Cal t is said to he formed by boating Cal 2 and iodine 
at 70°-80 J , and in solution. 


Calcium oxide CaO is usually made by decomposing calcium carbonate 
by heating to redness. It begins to decompose at 550°, evolving 
carbon dioxide and leaving calcium oxide or quicklime, in a closed 
vessel the decomposition stops at a certain pressure of the carbon 
dioxide, known as the dissociation pressure, which has a definite value 
at each temperature, and the system is then in equilibrium : CaCO.* v - 
CaO + CO,. 


t°C. - - 500 000 700 800 SOS 000 050 

P ro . mm. ITg. - Oil 2*35 25*3 10s 700 773 1400 

If the carbon dioxide is swept away by a current of air. dissocia- 
tion goes on till the reaction is practically complete. Decomposition 
occurs still more easily in a current of steam. Lime-burning is 
carried out in a limekiln (Fig. 300) m which lumps of limestone 
arc heated by flames and hot gas from burning coal in the base of 
the kiln. 

Pure calcium oxide is prepared by heating Iceland spar (pure native 
calcium carbonate) with the blowpipe in a platinum crucible, with free 
access of air, until a little of the white opaque residue after cooling and 
addition of water no longer effervesces with acid. It is a white amor 
plious mass, density 3-3, w hich melts at about 2570 1 and can be boiled in 
the electric furnace, the vapour condensing in cubic crystals. Lime 
resists the temperature of the oxy-liydrogen blowpipe without more 
than sintering, and is used in making furnaces for fusing platinum 
These consist of two blocks of lime, hollowed out, in the lower one ot 
which the metal is placed, whilst the blowpipe is introduced through :i 
hole in the upper block. 

Calcium hydroxide (.slaked lime) is made by tin* action of water on 
quicklime (p. 77): CaO + H 2 0 — Oa(OH) 2 4 15-54 k. cal. (Gunpowdei 
may be kindled by the heat evolved in the reaction.) The lime combine^ 
wdth the water, and forms a fine, dry. white powder of calcium hydroxide. 
The hydroxide dissolves sparingly, producing lime-imter (1-29 gnu oi 
CaO per litre at 15° ; 0(57 at S(P). The solubility (as Dalton found 1 
decreases with rise of temperature. 

Calcium hydroxide is formed as a white precipitate by twirling sodium 
hydroxide solution to a concentrated solution of calcium chloride : CaCk ; 
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2NO/OH Cii(OH)« l 2 Nh(L W it h saturated solutions the mixture be- 
comes solid (“ the chemical miracle ” of Fpiincwo Lane, 1080). Six-sided 
crystals of calcium hydroxide arc deposited by evaporating lime-water in a 
vacuum over sulphuric, acid. Slaked lime, when healed to dull redness, 
loses water and is converted 

into quicklime : Ca(OH ) 2 , y m , 

CaO + HjO. The ilissovm- 

tion pressures arc 100 mm. ^ 

at 350° and 700 mm. at 450 \ 

A hydrate LafOHh,!!./) is 
described. 

Quicklime exposed to Ihe 
air slowly absorbs moisture 
and carbon dioxide, crumb- 
ling to a powder of calcium 
hydroxide and carbonate, 
but it docs riot absorb dr\ 
carbon dioxide, nor does 
it react in the cold \siib 
chlorine, hydrogen sulphide, 
sulphur dioxide or nitro- 
gen dioxide : hydrogen 
chloride reacts onl\ slowly. 

Lime-water on exposure to 
air hoc. mas <ovm«t with fin. Drib vs! arc limekiln, 

a crust of calcium car- 
bonate. If this is broken it. falls t the bottom, and ather appears. In 
this way the whole of t he I 11 is precipitated. 

Lime is used in coal gas purification, paper making, tanning, as 
a fertiliser, and m making lime mortar for building purposes, this 
consisting of a thick paste of slaked lime with three to four times as 
much sand as quicklime originally taken. Lime made from magnesian 
limestone slakes slowly and gives it powdery mixture with water ; it is 
(railed “ poor lime," as distinguished from “fat lime,” which gives a 
paste w r ith water. The hardening of mortar consists in the evaporation 
of the moisture, or its absorption by the bricks, and the slow conversion 
of the calcium hydroxide into carbonate by atmospheric carbon dioxide; 
no combination bet ween the lime and the silica of the sand occurs, 
these substances reacting only above (>20 at an appreciable rate 
(Hiittig and Kosencranz, 15)25)). Modern mortar usually contains 
cement in place of lime. 

Calcium peroxide is formed as a hylrate, CaO^SlLO, by precipitating 
lime-water with hydrogen peroxide. Krom very concentrated solutions at 
i)\ or in all eases above 40 , anhydrous Cat), is precipitated. Calcium 
peroxide is manufactured for use as an antiseptic by compressing slaked 
lime and Na *<*)„, and washing with ice-water. Much free lime is present in 
it. It is not formed directly from CaO and <L (</. I^n0 2 ). ^ ellow calcium 
tetroxide VaQ % , stable at 130". is formed on warming ( h() 2 ,Sl 1 1 () alone, or 
better with 30 per cent hydrogen peroxide. It evolves oxygen with dilute 
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acids : Ca0 4 f 2HCI ~CaCl 2 I 0 2 ! H a O a , and does not liberate iodine from 
potassium iodide. 


Calcium carbonate. — The most abundant mineral of calcium is the 
carbonate CaC() 3> winch is dimorphous, crystallising in various forms of 
the hexagonal system as calcite (density 2-71) and in the rhombic 
system as aragonite (density 2-92). Calcite is the common form of 
calcium carbonate ; besides occurring in minerals, it forms the chief 
constituent of eggshells and bones (together with calcium phosphate), 
all of which effervesce with acids. Aragonite occurs in the shells of 
molluscs and in coral. In the* massive form calcite occurs as marble , 
limestone# of various kinds, calc-spar (a very pure transparent variety 
of which is Iceland spar) and chalk. Chalk consists of the shells of 
minute marine organisms. A compound of calcium carbonate and 
magnesium carbonate is dolomite , JVIgCO a ,( -a(JO a , of which (as well as 
limestone) whole mountain chains are composed. 

Aragonite usually contains strontium and lead carbonates. On 
passing carbon dioxide into cold lime-water the fiocculcnt amorphous 
precipitate soon crystallises as calcite ; from hot lime-water aragonite 
separates. Calcite is the stable form at ordinary temperature and 
pressure ; it passes into aragonite above 400 ’. 


Bivalent metal carbonates crystallise in the ealeite form if the ion radius 
is 0‘78-1-CM) A. and the aragonite form if it is 1 4)0- 1*43 A. Since the Ca" 
ion radius is 1 •(.)<» GaCOj, can crystallise in both Forms. A third form, 
p- CaOOj, density 2-54, is precipitated from lime-water at t>() f ' (John- 
ston, 191(>). When boiled for a Few minutes with cobalt, nitrate solution 
aragonite is coloured lilac but calcite is unchanged {M eigen's test) ; an 
artiiicial hexagonal form of ('a('() 3 called entente is also coloured. 

An unstable hoxahydrato Gat T) 3 ,UJ 1 2 0 (said to occur in pearls and inothor- 
of-pearl), a pentahydiate and perhaps a monohydrate are precipitated hy 
carbon dioxide from lime-water containing sugar (Hume, 1925). 

The solubilities in gm./lit. are : 

JS J 25° 100° 

Calcite - - 0013 04)143 001779 

Aragonite - 0 015 0 01528 0*01902 

At 25° the solubility product is [Ca”J |C0 3 "] - 7*2 \ J0‘ fl . 

In presence of carbon dioxide about 100 times as much calcium 
carbonate dissolves (0-94-1 *08 gm. /lit. at Iff and 1 atm.), calcium bi- 
carbonate Ca(HC0 ; j)o being formed. A supersaturated solution is formed 
by passing carbon dioxide rapidly through saturated lime-water. 

Flocculont precipitates of C’a, Sr and Bu bicarbonates, decomposing at 
room temperature, are said to be formed from KHCO., and strongly-cooled 
solutions of ilia chlorides (Keiser, 1908). 

Calcium sulphate occurs as rhombic anhydrite CaS0 4 , density 2-94, and 
more commonly as monoclinic gypsum CaS0 4 ,2H 2 0, density 2-32, eithci 
in transparent crystals of selenite (often twinned) or crystalline masse- 
either fibrous {satin spar) or opaque (alabaster). 
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Anhydrous calcium sulphate exists in two forms : («) natural anhydrite 
and that formed by dehydrating gypsum at a red heat, both practically 
insoluble ; (6) a soluble form, setting ” with water, ])rodueed by dehydra- 
ting gypsum at (iO l 90 in vacuum over 1\() £ . 

The solubilities of gypsum in gm. UaKO, per 100 gm. 11/) are : 

' 0 U 10 30 40 50 0() ' 

0-1 70 0*193 0*209 0*2 JO 0*204 0 200 

Gypsum can easily be reduced to an extremely fine powder and the solu- 
bility increases with the fineness <4 the grams. This is due to surface- 
tension forces, which are more pronounced with small particles. The 
solubility increases with temperature to 40 , and diminishes at higher 
temperatures. 

Gypsum at 120°- 130° loses water and forms piaster of Paris, the 
hemihydrate CaS0 4 ,JH 2 0, which when mixed with water evolves heat 
and quickly solidifies to gypsum, expanding slightly ; it is used for 
casts. Plaster of Paris at 1 40 begins to lose water, all of which is 
rapidly expelled at 200 . The anhydrous 0aK0 4 , density 2*57, rapidly 
takes up water , hut if more strongly heated it hydrates only very 
slowly (like natural anhydrite) and is said to be (lead-burnt ” : 
its density is 2*90. J>v heating over 400° slight decomposition into 
Oaf) and S0 3 occurs and es inch plaster is formed : this sets slowly to a 
smooth hard surface* and is used for floors, walls, etc. 

Calcium sulphate hemihydrate CaSO^II/) can be obtained in rhombic 
prisms, density 2*75, by beating for some time on a water bath 20 gm. of 
gypsum and 50 ml. of cone. HNO* : it is a definite compound with a 
characteristic X-ray spectrum ami there is a. corresponding seiciuito, 
CaSe 0 4 ,JH s O. 

Calcium sulphate begins to dissociate at 900 ; when mixed with silica it 
reacts at 870 and rapidly at 1 280 : ( h.S 0 4 4 Si () 2 --- CaSi0 3 4 S0 3 . Hydro- 
gen chloride decomposes it at a red heal, forming UaUL. 

Precipitated gypsum formed by adding sulphuric acid to a solution 
of calcium chloride is used as pearl-hardening for filling ” glazed 
paper. Ordinary blackboard " chalk ” is made from gypsum. 

The double salts (\iS0 4 ,K 2 S0 4 ,H 2 0 (syngenite), C 1 aS0 4 ,Na 2 S0 4 
(glauberite), and ( < aS() 4 ,2Na 2 S0 4 , are known. Calcium sulphate dis- 
solves in a concentrated solution of ammonium sulphate forming 
CaS0 4 ,(NH 4 ) 2 S0 4 ,H 2 0. Strontium and barium sulphates are insoluble. 

Calcium sulphite CaS0 : , is formed as a white precipitate (solubility 
0*24 gm./lit. at 25 ) by pissing sulphur dioxide into a fairly large volume 
of lime water, or by mixing solutions of sodium sulphite and calcium 
chloride, it dissolves in sulphurous acid, forming calcium hydrogen sulphite 
(bisulphite) Ca(HN0 3 ) 2 . This is prepared by passing sulphur dioxide in 
excess into milk of lime ; it is usi'd in sterilising beer casks, and in the 
manufacture of wood-pulp. Wood consists of cellulose and lignin, the 
latter soluble in boiling bisulphite solution. The cellulose is leit, and is 
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used for making paper. On standing exposed to air calcium bisulphite 
solution deposits crystals of CaK0 3 ,2H 2 0. 

Calcium sulphide OaS is formed as alkali-waste in the Leblanc process, 
or by heating gypsum with charcoal at 900° : CaS0 4 + 4C — CaS +4CO, 
or in hydrogen at f>00°~ S00°. Above 900°, CaS reacts with CaS0 4 : 
CaS 4 30aS0 4 = 4CaO + 4S0 2 . Calcium sulphide is best prepared, by 
passing hydrogen sulphide over gently heated slaked lime : Ca(OH) 2 + 
H 2 S = CaS -f 2H 2 0. It is very sparingly soluble in water, but dissolves 
when hydrogen sulphide is passed into the suspension, forming calcium 
hydrosulphide, crystallising as ( !a(HS) 2 ,bH 2 0. The sulphide is hydrolysed 
by water: 20aS -f~2H.,0 - Ca(011) 2 + Ca(HS) 2 . Calcium polysulphides 
CaS 2 to CaS 5 , or possibly CaS 7 , seem to be contained in the reddish- 
yellow solution (the ion hudor) made by boiling sulphur with milk of 
lime. The crystals which separate from concentrated solutions are 
CaS 4 ,3Ca(OH j 2 ,9H 2 0. Calcium thiosulphate CaS 2 0 3 ,bH a 0 is formed by 
blowing air through a suspension of the sulphide, by cooling a con- 
centrated solution of calcium chloride and sodium thiosulphate, or by 
heating calcium sulphite and sulphur with water. If the solution is pre- 
cipitated with sodium carbonate, sodium thiosulphate is formed . 
OaS a O :i + Na 2 C0 3 - CaCO a + Na 2 S 2 0 3 . 


Calcium nitrate Ca(N0-,) 2 is present in the soil and is used as a ferti- 
liser. It is manufactured by neutralising dilute nitric acid with lime- 
stone and evaporating, also by passing oxides of nitrogen into milk of 
lime or a suspension of calcium carbonate in water until the nitrite in 
the mixture is decomposed (p. 541). ft forms very deliquescent mono- 
clinic crystals Ca(N0 3 ) 2 ,4H a 0 (two forms, in. pts. 42*7° and 39-7 ) 
soluble in alcohol. According to T. \V. Richards the best method of 
obtaining a pure calcium salt is repeated crystallisation of the nitrate 
from water or alcohol. The anhydrous salt, m. pt. 5(>P, dissolves in 
amyl alcohol. There are also tri- and di-hydrates and a basic nitrate 
Ca(NO ;j ) a ,CaO and hydrates. Calcium nitrate decomposes on beating, 
leaving calcium oxide. 

Calcium phosphate 0a 3 (P0 4 ) 2 occurs in bones and in the mineral 
phosphorite . It is formed as a white amorphous llocculent precipitate 
on adding ammonium phosphate and a large excess of ammonia to 
calcium chloride solution : 3Ca“ + 211 P0 4 " + 20H' - Ca 3 (P0 4 ) 2 -f 2H.A 
but the precipitate may he the basic phosphate 3Ca a (P0 4 ) 2 ,Ctt(0H) l! 
hydroxyapatite. Anhydrous Ca s (P0 4 ) 2 , m. pt. 1670°, is shown by th<- 
high-temperature phase diagram and X-ray spectrum. Calcium 
phosphate is nearly insoluble in water, but dissolves in water containing 
many salts or carbon dioxide, which dissolve the calcium phosphate 
in the soil and render it capable of absorption by the roots <»* 
plants. 

Ordinary sodium phosphate, or better a mixt ure of NH 4 H 2 P0 4 ata 1 
(NH 4 ) 2 HP0 4 , precipitates from a calcium salt solution calcium hydrogex 
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phosphate CaHP0 4 , either anhydrous or with 4H 2 0 according to con- 
ditions : Na ? HP0 4 +CaCl 2 -CaHP0 4 f2NaOL This and the normal 
phosphate dissolve in aqueous phosphoric acid and on spontaneous 
evaporation the solution deposits crystals of calcium dihydrogen phosphate 
Ca(H 2 P0 4 ) 2 ,H 2 G : 

Ca 3 (P0 4 ) 2 +4H 3 P0 4 ^ 3Ca(H„P0 4 ) 2 
CaHP0 4 + H 3 P0 4 - Ca(ll 2 P0 4 ) 2 . 

This is decomposed by water by the reverse of these reactions. It loses 
water at 100°-105°. Pure calcium dihydrogen phosphate (also called 
monocalcium phosphate) is made commercially by dissolving slaked lime 
or pure limestone in phosphoric acid, crystallising and drying, and 
is used in American baking powder. 

A mixture of the acid phosphate Ca(lt a P0 4 ) 2 . anhydrous calcium sulphate 
0aSO 4 and phosphoric acid is the fertiliser culled superphosphate of lime . It 
is made by macerating ground mineral calcium phosphate (phosphorite) 
with two-thirds of its weight of 70 por cent sulphuric acid : 

5Ca,(P0 4 ) 2 1 HH t SO 4 = 40a(H 1 PO 4 ), + 2H,PO 4 \ I IPaSO*. 

The reaction is carried out in a horizontal cast-iron cylinder with re- 
volving blades. The mixture issues nearly fluid into pits or dens, which are 
half-filled and then closed. Reaction occurs with rise of temperature and 
gases (CO*. SiF„ HF, ITCH) escape through a vent to absorption towers. 
After a day or two the superphosphate is removed, powdered, and care- 
fully dried by hot air in long brickwork chambers. 

Apatite (Greek apatao , l deceive, since it was confused with many other 
species) is properly the name of the mineral 3Ca 3 (P() 4 ) 2 ,CaF 2 , but is now 
applied (with the names Jlunrupafite, chlompatite, etc.) to a group of com- 
pounds 3( , u 3 (l > 0|)2*GaX where X may ho F 2 , CI 2 , (OH) 2 , CO a , »SC) 4 , etc. 
The crystals are aggregate's of (’a", PO/'\ and X ions, and apatite should 
be formulated as ra,,( 1*0, ) a F. Related compounds (see p. 300) are mimetitc 
(formerly called mnnetisite) Pb 5 (P(),) 3 F, pyromorphite Pb 5 (P0 4 ) 3 Cl and 
wniadinitc Pb 5 (V()jy < l ; wagneritc is Mg 3 (P(> 4 ) 2 ,MgF 2 or Mg a (P0 4 )F. 
Basic calcium phosphate Ca 4 P 2 0 9 or ra 3 (I > 0 1 ) 2 ,( , a0 is a constituent of basic 
slug (p. 920) and it appears on the freezing-] joint diagram as a definite 
compound. 

Calcium silicates shown in phase diagrams are two forms (a and /?) of 
the metasilicate CaSi0 ; , (0a0jSi0 2 ), an orthodisilicate Ca 3 Si 2 0 7 (3Ca0,2Si0 2 ), 
a basic metasilicate (\aNiO ;t ,20aO or tricalcium silicate 30aO,SiO«>, and throe 
(perhaps four) forms of orthosilicate Ca 2 Si0 4 (2Ca0,Si0 2 ). There are also 
various hydrated forms. 

Limestone containing more than 5 per cent, of clay on burning forms a 
lime which gives a hydraulic mortar which hardens under water. \ itru- 
vius says the Romans used it for harbour works. In 1796 dames 
Parker prepared Roman cement by heating clay and limestone below the 
sintering point. Portland cement (so called because after setting it 
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resembles Portland stone) is made by heating a mixture of limestone 
and clay, either mixed with coal as in lime-burning, or by feeding the 
wet mixture into the top of a revolving inclined tubular furnace, into 
the lower part of which a blast of air charged 
with (‘oaldust, which forms an intense flame, 
is injected (Fig. 3(57). The materials sinter 
and the cement clinker formed in small nodules 
is ground to powder. 


Kjc. ,‘}l>7 - Cement fuiiiMt'o. The upper I urge tube is the furnace proper, 
the lower smaller lube, which also revolves, is a cooler. 

The constitution and mode of setting of cement arc complicated tuid have 
been variously explained. Cement clinker contains friculcnim silicate 
3( *aO,Si0 2 , calcium orthnsil irate 2( ’aO,Si() 2 , t ncalciu m al ami note 3CnO,AL< ) 3 , 
and a complex calcium alumiuutc formerly thought to bo 5CaO,3Al 2 () ; , but 
really 12CuO,7AJ 2 O v Sonic* free* lime and calcium illumine ifernle 
4CaO,Al s 0 3 ,Fe.,O n arc also present. When mixed with water, cement 
rapidly hydrates and sets to a gel of IK ViO,A! •>().,, (ill 2 0 and adsorbed water. 
The gel then slow ly crystal I ises. The rapid increase in st rength and hard lies* 
is mainly due to the partial hydrolysis of the tricalcmm silicate to felted 
needles of calcium hydroxide in a gel of hydrated silicate. Addit ion of 2 a 
per cent of gypsum to the cement clinker before grinding retards the setting. 

Glass. — Common soda glass contains calcium and sodium silicates and 
lias the approximate composition Na 2 0,Ca0,5Si0.>. It is made bv 
fusing sand, soda-ash (Na 2 C() :i ) and limestone, whiting or lime in fire- 
clay pots or tanks at about 1 37 o ’ C. or higher. A mixture of salt(‘ak<‘ 
(Na 2 S0 4 ) and charcoal may replace soda -ash but is not much used : 

2Xa 2 S() t + C + 2SiO.> - 2Xa 2 Si0. t + C0 2 4 2K0 a . 

Ordinary glass contains a little aluminium oxide derived from the clay 
pots. The sand for the best glass must be* white and free from iron 
compounds ; crushed quartz and broken flints are also used. 

The green colour due to ferrous silicate may be neutralised by addins 
manganese dioxide or pyrolusite (Creek pgr fire, and luo 1 wash) ; this 
oxidises ferrous to ferric silicate, the yellow colour of which is masked la 
the purple colour due to manganese. Selenium and cobalt oxide are new 
used to decolorise bottle glass, and nickel oxide" with flint glass. 




GLASS 


761 


xxx vtii] 

Bohemian or potmk-glas s contains potassium instead of sodium, has a 
higher melting point and greater resistance to reagents, and is better 
adapted for chemical apparatus. Flint-gin ss is potash-glass with lime 
replaced by lead oxide (PhO). It has a high refractive index and is 
used for optical purposes but is very soft. Jena rcsistana glass lias a 
low alkali and a higher alumina content (which confers toughness) than 
ordinary glass, contains barium and zinc oxides, and boron trioxide in 
place of some silica. Glasses of high softening temperature and 
resistant to rapid changes of temperature are used for oven ware, 
laboratory apparatus, etc. They are rich in silica, poor in alkali, 
and contain boron trioxide, H 2 () 3 . 


Optical glasses may contain boron trioxido in place of some silica, and 
barium oxide in place of* lime. Two main di\ ixions am recognised : crown- 
glass containing as busu oxide mainly potash or barium oxide, and flint- 
glass containing lead oxide. Crwfoa'a glass for spectacles contains rare- 
earth compounds (praseodymium and neodymium) : it allows visible light 
to pass but absorbs the ultra-violet. A very dark-red glass containing 
nickel absorbs nearly all \ isjble light but allows some ultra-violet to pass. 
Vita-glass, winch transmits some ultra -violet, is nearly free from iron and is 
made from very pure materials. Ordinary glass absorbs infra-red rays 
(radiant heat), hence its us<* for tire-screens. 


Colour* d glassf s are made by adding various substances to the fused 
glass ; in the case of gold the colour develops only after reheating : 


J led : gold, selenium, cuprous 
oxide 

Green : chromic oxide, cupric oxide 
with chromic or ferric oxides and 
a reducing agent. 

Yellow : carbon and sulphates in 
the molt-; cadmium sulphide; 
sometimes uranium or selenium. 

Violet : manganese dioxide. 


Jllue : cupric oxide, cobalt oxide. 

Ojhu/uc milky : fluorspar with fel- 
spar ; cryolite ; sometimes tin 
oxide or calcium phosphate. 

Fluorescent greenish -yellow : uran- 
ium oxide. 

Black : large quantities of ferric 
oxide and cupric oxide ; cobalt, 
nickel and manganese oxides. 


Calcium nitride ( 'a a N, is a brownish -yellow solid , in. !>'■ 1 1 
passing nitrogen over calcium at 4o0‘ or rapidly Wlt ; 1 ( 

decomposed by si cam : <VN, f «H„0-2NH, fXa(OH) 2 Calcnim 
absorbs ammonia gas, forming ( , a(XH : ,) fl , which on beating .forms 
calcium amide: Ca(NH a ). r Ca(XH s ) g IN H.+ H* and on boating at 
4()0° this enves calcium lmide C'aNH. . , 

Calcium phosphide Ca 3 I», is formed in ml crystals by 
vapour over heated calcium or heating ca emm ,)h..spliat v t aibon 
in the electric furnace (Aloissan ISIW) S i 

with water. The crude phosphide, containing -a, 2 ' , . 

phosphate, is made by passing phosphorus vnimurovwhittttilqnKiJ- 
14 P + HCa0^5f , a,l\. + 2CaJ; 3 0 7 : it gives with water spontaneously 
inflammable phosphine containing IV^4 (P* 
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Calcium carbide Ca0 2 was obtained by Wohler (1862) by heating 
carbon with an alloy of calcium and zinc. It is manufactured on a 
large scale by Moissan’s process (1894). A mixture of 2 parts of coke 
and 3 parts of quicklime is heated to over 2000° in an electric furnace : 
CaO + 3C =- OaC 2 + CO. 

The furnace (Fig. 368) is a rectangular tank of fireclay divided into com- 
partments lined with gas-carbon and having a graphite block in the base 

forming one electrode. The other electrode 
consists of vertical blocks of carbon suspended 
from (dining and gradually lowered into the 
furnace as they arc consumed. Arcs are 
struck between the base-plate and these 
electrodes, and the fused carbide is tapped, 
cooled, and broken into pieces in a jaw- 
criwhcr. The commercial carbide is greyish - 
black. According to Moissan (1903) the pure 
carbide is formed m colourless transparent 
crystals by heating calcium hydride in acetylene and the product m 
vacuum, hut this is doubtful (Bofolfson, 1922). 

Calcium carbide is decomposed by water to give acetylene : CaC 2 i 
2H 2 0 ~Ca(OH) 2 + C 2 H 2 ; 1 kg. of commercial carbide usually gives 
about 300 litres of gas. 

Calcium carbide is an energetic reducing agent . A powdered mixture 
with ferric oxide and ferric chloride burns violently when kindled with 
a taper, and fused metallic iron is produced. 

Calcium oxalate CaC 2 0 4 is formed as a white precipitate, insoluble in 
acetic acid but soluble in dilute hydrochloric acid, when ainmoni inn oxalate 
solution is added to a solution of a calcium salt, preferably after adding 
ammonium chloride and ammonia. On heating at 560° for 1 hour it gives the 
carbonate : CaC 2 0 4 — Ca00 3 4- 00, or at a red heat the oxide CaO. Tluv»c 
reactions are used in the gravimetric estimation of calcium ; in the volu 
metric method the precipitate of oxalate is washed, decomposed with warm 
dilute sulphuric acid, and the oxalic acid is titrated at. 60° with per- 
manganate : 2KMn0 4 ■+ 5CaC 8 0, 4 - 8H 2 80 4 2MnS0 4 4 K 2 K0 4 f 50aS0, t H 
I0CO 2 ! 8£I 2 0. Calcium oxalate occurs in small crystals (raphides) in some 
plants. 



Fio. 308.— Calcium carbide 
furnace. 


Strontium 

History.- —A peculiar mineral found in the lead mine of Ktrontian in 
Argyllshire was examined by Crawford and Cruickshank in 1790, and later 
by Hope, Kirwan and Klaproth. They found it to contain a new earth " 
which Hope called strontites and Klaproth strontia. The mineral is stron - 
tianhe or strontium carbonate SrC0 3 . Another mineral is strontium sul- 
phate or ('destine SrS0 4 , so called from the pale-hluo colour of some 
specimens. The element strontium occurs practically only in those two 
rather uncommon minerals. Metallic strontium was discovered by Davy 
in 1808. 
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Strontium and its compounds. — Metallic strontium is prepared by the 
electrolysis of the fused chloride, by heating t he oxide with aluminium, 
and by preparing strontium amalgam by electrolysis with a mercury 
cathode and driving off the mercury at a high temperature in hydrogen 
(when the hydride is first formed and then decomposes). It is a silver- 
white soft metal which oxidises very easily in air, burns in oxygen, and 
decomposes water. 


Strontium hydride Srll 2 is formed by strongly heating the metal in hydrogen 
and is a white solid resembling calcium hydride in its properties. 

Strontium chloride Sr0J. 2 ,bH 2 O is a colourless crystalline salt, efflorescent 
in air (it is much less soluble in water than calcium chloride). It is pre- 
pared by dissolving native strontium carbonate iti hydrochloric acid, 
oxidising any iron with chlorine and digesting with some strontium 
carbonate precipitated from some of the solution by sodium carbonate, 
when ferric oxide is precipitated ; the liquid is tittered, evaporated and 
crystallised. It may also be prepared from the native sulphate by fusing 
with sodium carbonate, when strontium carbonate is formed, which is 
washed with water and dissolved in hydrochloric acid : 

SrS( > 4 \ Xa 2 ( , 0 3 *SK ,, 0 3 -4 Na,S0 4 . 

The sulphate may also be heated with carbon when strontium sulphide 
is formed, which is dissolved in hydrochloric acid : 

SrS< ) 4 -t 4C-*SrS+4( 1 (). 

Anhydrous strontium chloride is only sparingly soluble in absolute 
aleohoi ; calcium chloride is readily soluble, whilst barium chloride is 
practically insoluble in ethyl alcohol but dissolves in methyl alcohol. 
(The bromides and iodides of strontium and barium are readily soluble 
in alcohol.) 

- Strontium oxide (stronhu) SrO is obtained by strongly heating the 
carbonate, more readily when mixed with carbon : 

SrOO., -t 0 - SrO + 2C0, 

or at a red heat from the h\ dioxide and nitrate : 

Sr(()H ) 2 — SrO f H 2 0 
2Sr(N() 3 )a = -SrO f 4N0 3 4 0,. 

Tt is a white mass which combines with water with (‘volution of heat to 
form strontium hydroxide Sr(OH) 2 . This forms a readily soluble crystalline 
hydrate Sr(()H)„,KH f ,0, which effloresces to a hydrate with 1H 2 0, and 
at 10() U this gives Sr(OH) 2 . Like calcium hydroxide and unlike barium 
hydroxide, strontium hydroxide forms the oxide at a dull-red heat. The 
hydroxide is used in sugar refining, since it forms a sparingly soluble 
compound C^H^O^SrO with cane sugar, which can so be separated 
from the molasses. 

Strontium peroxide Sr0 2 is formed at a dull-red heat from the oxide and 
oxygen blit only under pressure (12a kg./s<j. cm.), Tt is similar to barium 
peroxide. A crystalline hydrate SrO s ,sll a (J is precipitated in pearly settle* 
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on adding hydrogen peroxide to a solution of strontium ’hydroxide ; on 
heating gently it gives SrO a which decomposes at a higher temperature : 

28r0 2 — 2SrO 4- 0 2 . 

Strontium carbonate is precipitated from a solution of a strontium 
salt by sodium carbonate ; it is sparingly soluble (0*01 gm./lit. at 15°) 
but dissolves in water containing carbonic acid to form a bicarbonate. 
It is decomposed at a higher temperature than calcium carbonate (1 
atm. pressure of C0 2 at 1258°). 

Strontium nitride Sr 3 N 2 is formed by boating the metal in nitrogen. It 
is black and is readily decomposed by water, evolving ammonia. 

Strontium nitrate Sr(N0 3 ) 2 , crystallising anhydrous from hot concen- 
trated solutions, is prepared by dissolving the carbonate in dilute 
nitric acid ; it is used mixed with sulphur and charcoal to make 
“ crimson fire " for fireworks. Jt is insoluble in alcohol and amyl 
alcohol and less soluble in water than calcium nitrate. Strontium 
nitrate at the m. pt. (045°) gives mostly strontium nitrite Sr(N0 2 ) 2 (cf. 
barium nitrate). Strontium nitrate is freed from barium by adding 
calcium sulphate solution (which precipitates barium sulphate), filtering 
and crystallising. 

Strontium sulphate SrS0 4 is sparingly soluble in water (0-1 gm. per lit. at 
15°) but soluble in dilute hydrochloric acid ; it is insoluble in ammonium 
sulphate solution, but is more soluble in strontium nitrate solution than 
in water. Unlike calcium sulphate it does not form a hydrate. It is 
less soluble than calcium sulphate and a saturated solution of calcium 
sulphate gives a precipitate with a strontium salt. 

Strontium phosphate »Sr 3 (P0 4 ) 2 is an amorphous solid preoipitutod from 
neutral solution by Na 3 P0 4 . The precipitate of SrlTPO* formed with 
Na 2 HP0 4 is at first amorphous, but then crystallises. On heating it forms 
Sr 2 P 2 0 7 , the pyrophosphate, and the metaphosphate Sr(PO a ) 2 , is also 
known. 

Strontium salts impart a splendid crimson colour to the Bunsen 
flame, and it is interesting that the*, spectrum of the flame (that of crim- 
son fire in a theatre) had been examined by Fox Talbot in 1826 long 
before Bunsen and Rirchhoff invented spectrum analysis. 

Barium 

History. — The heavy mineral “heavy spar ” (density* 4-5) is found 
associated with metallic ores such as galena ; it is barium sulphate BaSCV 
Early in the seventeenth century* a shoemaker of Bologna found that 
when strongly heated with charcoal this stone produces a material (barium 
sulphide) which is phosphorescent after exposure to light. 

BaKO* 4C- BaS \ 4CO. 

Seheele in 1774 showed that heavy spar is the sulphate of an “earth ’* 

* According to Licetus. LitheoNphorua* sive de Lapidt Ilonon irn#i * 1040 , p. 
the discovery was made in I f>02 by Vincent Casciorolo. 
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which was called barote (Grook, barys heavy) by Guyton de Morveau and 
barytes by Kirwan. Metallic barium was obtained by Davy in 1808 from 
the amalgam formed by electrolysis. 

Occurrence.— Barium occurs as barytas or heavy spar, the sulphate 
BaS0 4 ; as witherite , the carbonate BaU0 3 (isomorphous with aragonite 
and a common gangue material in lead mines) ; as abstonite BaC0 ;t ,Ca(-0 3 
in rhombic crystals and in monoclinic; (Crystals as barytocalcUe. Barium 
also occurs as an impurity in some other ores, ejj. of manganese (psilo- 
melane , see p. 899). 

Barium and its compounds. — Metallic barium is prepared by processes 
analogous to those used for strontium ; very pure barium is obtained by 
the slow distillation of the dry amalgam (obtained by electrolysis with 
a mercury cathode), when mercury lirat distils and then barium. It is 
a silver-white soft metal which inflames spontaneously in air and de- 
composes water and alcohol. Barium hydride BaH a is formed from the 
elements at a bright red heat. 

Barium chloride Ba01 2 is prepared from the native carbonate and 
sulphate by methods analogous to those used for strontium chloride. A 
large excess of sodium carbonate must be used m decomposing the 
barium sulphate, and a high temperature in its reduction with carbon. 
Barium chloride crystallises as Bad a ,2H 2 0 and the crystals are neither 
efflorescent nor deliquescent. It is readily soluble in water hut insoluble 
in absolute alcohol, and it- is almost insoluble in concentrated hydro- 
chloric acid, which precipitates it from solution. 

Barium chlorate Bh((. 1 10.j) 2 .1U0 is used in the preparation of chloric acid 
(p. 273) and is made by evaporating a solution of sodium chlorate and 
barium chloride, when sodium chloride is deposited : 

B a(V 2XuT10 3 - Ba(CK) a )* I 2NaCl. 

The solution is filtered through a hot.-wator funnel and further evaporated, 
when the barium chlorate* crystallises on cooling. It is purified by re- 
crystallisation. 

Barium oxide (baryta) BaO is best obtained by heating the nitrate 
strongly (to decompose any peroxide formed), or the iocLate (when a 
periodate is first formed ) . Barium carbonate is only slightly decomposed 
even at a bright -red heat (it attacks platinum at a red heat) unless 
mixed with charcoal : 

BuCOg *C - BaO + 2( •(.), 

or heated in a current of steam, when the hydroxide is formed : 

Ba00 3 4- H 2 () - Ba(OH) 2 -f C0>. 

The dissociation pressures (BaC() 3 ^BaO < (U) of barium carbonate 
arse : 

V 0. . „ 9ir, 1020 1120 1220 1300 c. 1352 

p mm. - - 0-4 4-3 24*4 111 381 700 

Barium oxide combines vigorously with water with evolution of heat 
to form barium hydroxide Ba(OH) 2 ;* this gives a crystalline hydrate 



766 ^ INORGANIC CHEMISTRY [chap 

Ba(OIl) 2 , 8H 2 0, very soluble in hot water. On exposure to air free from 
carbon dioxide the crystals effloresce to Ba(0H) 2 ,H 2 0, and at 100° 
Ba(OH) 2 is formed. This fuses on heating and (unlike calcium and 
strontium hydroxides) does not lose water completely even at a high 
temperature. A solution of barium hydroxide in water (baryta water) 
gives a white precipitate of barium carbonate with carbon dioxide, 
soluble in excess to form a bicarbonate decomposed on boiling. Barium 
hydroxide is a strong base and may be used in volumetric analysis 
instead of sodium hydroxide, since any carbonate formed on exposure 
to air is precipitated and does not remain in solution to interfere 
with the colour-changes of some indicators. Baryta forms a sparingly 
soluble compound with cane sugar, but is not used in sugar refining 
since barium salts art' poisonous. 

Barium peroxide Ba0 2 is readily formed by passing oxygen or air fret' 
from carbon dioxide over barium oxide at a dull red-heat ; at a bright - 
red heat it decomposes into oxygen and barium oxide : 

2BaO -f 0 2 2BaO a . 

The dissociation pressures at different temperatures are : 

555 J 650‘ 720 790 795" C\ 

25 65 210 670 760 nun. 

A crystalline hydrate BaO,,KH 2 () is formed by adding hydrogen per- 
oxide to baryta water, and when gently heated it. forms the anhydrous 
peroxide. By adding baryta water to hydrogen peroxide the com- 
pounds Ba0 2 ,Ho02 (yellow) and Ba0 2 ,2H 2 0 2 are precipitated. 

Barium carbonate BaO() :i is formed as a white precipitate on adding 
an alkali carbonate to a solution of barium chloride, it is more soluble 
(002 gm. per lit.) than strontium carbonate (0*01 gm. per lit.) and is 
slightly hydrolysed in solution ; a suspension of barium carbonate is 
sometimes used in qualitative group separation as it precipitates ferric, 
chromic and aluminium hydroxides from solutions of their salts, but not 
zinc or manganese salts. Barium carbonate is stable at a high tempera- 
ture, and can he heated with a blowpipe without much change ; it 
attacks platinum at a red heat. It dissolves in water containing dis- 
solved carbon dioxide to form a solution of the bicarbonate Ba(HC0 3 ) 2 . 

Barium nitride Ba 3 N 2 is a black solid formed by heating barium in 
nitrogen ; it evolves ammonia with water. 

Barium nitrate Ba(NO ;1 ) 2 , which crystallises anhydrous, is made by 
dissolving the carbonate in dilute nitric acid and evaporating. It is 
much less soluble in water than strontium nitrate and is insoluble in 
alcohol and in nitric acid (which precipitates it from solution). A pur 1 
barium compound is best obtained by repeated crystallisation of th< 
nitrate ; from the pure nitrate the carbonate is precipitated with am 
monium carbonate and is then dissolved in an acid to form the corn's 
ponding salt. Barium nitrate mixed with charcoal and sulphur form- 
“ green tire ” in pyroteehny ; barium salts give an apple-green tlam< 
when heated on platinum wire in the Bunsen flame. 
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Barium nitrite Ba(N0 2 ) a ,U.j0 is prepared by mixing hot. nearly saturated 
solutions of sodium nitrite and barium chloride, filtering from the sodium 
chloride with a hot-water funnel, and allowing to crystallise. The salt is 
reerystallised from water and dried over sulphuric acid. It. is very soluble. 

Barium sulphide BaS is obtained by mincing the sulphate with carbon 
(see above), but most conveniently bv the action of hydrogen sulphide 
on gently heated Ba(01J) 2 ,H 2 0 ; it is easily soluble and is hydrolysed : 

2 BaS 4 2H a O-Ba(OH) s + Ba(HS) !l . 

Po]ysulx>hides of barium and strontium are known. 

Barium sulphate BaS0 4 is formed by addiug dilute sulphuric acid or a 
solution of a sulphate to a solution of a barium salt, as a fine' white pre- 
cipitate nearly insoluble in water (2-4 mgm. per litre) and acids, except 
hot concentrated sulphuric acid which forms the acid sulphate Ba(HS0 4 ) 2 , 
or in hot very concentrated hydrochloric acid. Precipitated barium 
sulphate is used as a pigment (hlanr fixe or pet nmnent irhile), but has a 
poor covering power. Liffmpone is a mixture of barium sulphate and 
zinc sulphide and oxide made by precipitation : 

BaS t-ZnSOj — BaS() 4 +Z 11 S, 

and heating 1 he precipitate, ft has a good covering power, and does not 
darken on exposure to hydrogen sulphide, but darkens on exposure to 
light. 

Barium sulphate carries down from solution various soluble salts, 
especially potassium sulphate and sulphates, salts ot tervalent metals 
(Bo, (V), nitrates, and chlorates, which cannot be removed by washing. 
It also adsorbs barium chloride and is slightly soluble in dilute hydrochloric 
acid and in many salt solutions. Barium sulphate is only slightly decom- 
posed at a white heat. These properties arc of importance in quantitative 
analysis. Barium and strontium sulphates are converted into carbonates 
by boiling with alkali carbonate, and the reaction is reversible. Barium 
sulphate is almost quantitat ively converted to carbonate on fusion with 
S-9 mo Is. of potassium carbonate, but barium carbonate is onl,v very 
incompletely converted into sulphate* on fusion with potassium sulphate. 

Barium titanate BaTi<) 3 , formed by heating barium oxide and titanium 
dioxide TiO a , is interesting in having an extraordinarily' high dielectric 
constant, so that ii is called a ferroelectric sah- 
stance, by analogy' with ferromagnetic iron. It 
has also a ferroelectric ('uric point (analogous to 
the magnetic Curie point ot iron at 760 ). The 
crystal lattice is that of the mineral perorskde 
CaTiOj, and this occurs also with BaZK> 3 , 
tfftNbO*. La(2aO ;i , BaAlO,. BaBeO,, KIO,, and 
KNiB a . The ideal perovskite type lattice AB() :1 
is cubic with an A atom (Ca, Ba, etc.) at the ©-.-Ba o~o • -Ti 
centre, B atoms (Ti etc.) at the eight corners, 

and oxygen atoms on the twelve edges, so that tin* unit cell has the 
composition A -+ J(8B) + ,J { 1 20 > -ABO,. In the extended lattice, each 
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Ti at a corner is surrounded by six oxygens, forming TiO c octahedra. 
A similar arrangement, but without a central atom in the cube, is found 
with rhenium trioxide Re0 3 . 

The atomic weights of magnesium, calcium, strontium and barium 
have been determined by precipitating the chlorides or bromides with 
silver nitrate. The valencies follow from the atomic heats of the metals. 



CHAPTER XXXIX 

MAGNESIUM, ZINC, CADMIUM AND MERCURY 

It has been stated (p. 7f>l ) that the metals of Group II are divided into 
an even series containing beryllium, magnesium, calcium, strontium, 
and barium, and an odd series containing zinc, cadmium, and mercury. 
Since beryllium and magnesium are more like zinc than the alkaline 
earth metals, they are considered in the present chapter. 

The physical properties of the nictate of the odd series m Group II are : 



Zn 

(VI 

Hr 

Atomic number - 

30 

48 

80 

Electron configuration 

- 2*8 1M 2 

2 8 18 18 2 

2-8-JR-32-18-2 

Density 

7-1 

8*04 

13-5955(0°) 

Atomic volume - 

0-2 1 

13 01 

14-02 

Melting point 

419*4° 

320*9' 

38-90 1 

Boiling point 

920 

707*3 

3f>«-95” 


The two parts of Group II are much more alike than those of Group 
1 although they differ more than the odd and even series of Groups III 
and IV, where there is very little difference between the series in a 
group. Beryllium and magnesium in some ways resemble the elements 
of the odd series, with which they are often classified, and beryllium 
shows many analogies not only with magnesium but also aluminium in 
Group III : beryllium hydroxide is precipitated by ammonia and dis- 
solves in sodium hydroxide solution, and beryllium salts are hydrolysed. 
This divergence from group properties is probably connected with the 
small size of the Be" ion : the ions Mg", Oa", Sr" and Ba" form 
increasingly strong basic oxides. 

The normal valency in the sub-group (probably also in the mercurous 
compounds Hg 2 X 2 ) is two. 

All the elements form basic oxides MO (mercury also forms the basic 
oxide Hg 2 0) and, except mercury, basic hydroxides M(OH) 2 , those of 
Be and Mg and of the odd series elements being very sparingly soluble. 
Cadmium oxide is brown, mercurous oxide black and mercuric oxide 
yellow or red ; the other oxides are white but zinc oxide is yellow when 
hot. Unstable hydrated peroxides (but not of beryllium) are formed 
only indirectly, e.g. by the action of hydrogen peroxide on the oxides or 
hydroxides. 
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The motals are all silver-white. Beryllium, magnesium, zinc and cad- 
mium crystallise in close-packed hexagonal, mercury in rhombohedml, 
lattices (the alkaline earth metals crystallise in cubic lattices). 

Magnesium and zinc oxidise only slowly at room temperature in air : 
beryllium, cadmium and mercury are stable in air. Magnesium powder 
decomposes hot water slowly, and zinc, and cadmium decompose steam 
on heating. 

Beryllium and magnesium resemble the elements of the odd series in 
forming soluble sulphates , BeS0 4 ,4H 2 0 and MgS0 4 ,7H 2 0 (isomorphous 
with ZnN0 4 ,7H 2 0), and double 1 sulphates, K 2 Be(S0 4 ) 2 ,2H 2 0 and 
K 2 Mg(S0 4 ) 2 ,6H 2 0 (isomorphous with K 2 Zn(SO 4 ) 2 ,0H 2 O), and in forming 
organomctallic compounds Bc(0H a ) 2 and Mg(CH n ) 2 , etc., similar to 
Zn(CH 3 ) 2 , Cd(CIl 3 ) 2 , Hg(OH ;l ),. etc.’ ~ 

The sulphides of beryllium, magnesium, and the alkaline earth metals arc 
not precipitated from solution b\ hydrogen sulphide : those of zinc, c*a<l 
mi uni and mercury are, and decrease in solubility in this order. The 
sulphides of Be, Mg, Oa, Sr ami Ba are hydrolysed by water j ZnS is soluble 
in dilute and (VIS in concentrated hydrochloric acid, whilst HgS is insoluble 
even in boiling nitric acid blit dissolves in hot aqua regia. 

Zinc, cadmium and mercury an* sometimes classed as transitional 
elements (p. 370), since the cations have 1 S-electron shells, although they 
are uniformly bivalent. They show an increasing tendency to form 
covalent compounds from zinc to mercury, fused zinc chloride being a 
conductor but mercuric halides almost non-ionised. Mercury is peculiar 
in forming the t wo series of mercurous and mercuric compounds, with 
entirely different reactions. The mercurous compounds closely re- 
semble those of silver or univalent copper : the mercuric are analogous 
to compounds of bivalent copper, zinc and cadmium. 

Beryllium, magnesium, zinc, cadmium and mercury do not gh' 1 
distinctive flame colorations. 

Zinc shows a covalency of 4 with a tetrahedral arrangement of valencies 
in the optically active derivatives of hoiizoylpyruvie acid : 

o — C * C K H 5 \ 

Zn ( r ( H ) H* 

\ O C 00..— ' 

and zinc and cadmium show a covalency of (> with an octahedral arrange 
merit of valencies in the optically active, compounds with othyleneiliaininc 
[Zn en 3 ]CI 2 and [Cd en 3 JCl 2 (See page 425). 
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Vauquelin in 1798 found that tin* mineral hen// (Fig. n09) contains a 
peculiar earth, differing from lime and alumina by It inning a soluble 
sulphate which doos not product* alums. f rho true or Peruvian 
emerald {cj\ p. 809) is a transparent variety of beryl, coloured green by oxide 
of chromium. Aquamarine is a bimsh-ureen variety. 

The formula of beryl is 3Be0,Al a 0 3 ,(»Si0j.. 

To prepare beryllium salts from beryl, it is fused 
with potassium carbonate, the melt evaporated with 
sulphuric acid, and digested with water. Silica is 
filtered off, and on cooling the evaporated filtrate 
nearly all the aluminium separates in the form of 
potash alum. The mother liquor is then poured into 
a concentrated solution of ammonium carbonate 
and allowed to stand. Beryllium hydroxide BofOHb 
and carbonate BeC0 3 , are soluble in ammonium 
carbonate, whilst ferric hydroxide- and alumina are 
precipitated. The filtrate on boiling deposits a basic beryllium car- 
bonate. Tf this is ignited beryllium oxide Be() remains as a white powder 
soluble* in hot concentrated sulphuric acid ; tin 1 solution on cooling de- 
posits crystals of beryllium sulphate BpS 0 4 , 4HX>, with a sweet taste (hence 
t he name give* ft um formerly given to tho element ). 'The sulphate does not 
form mixed crystals with CuSO,, FuS0 4 , etc., mid thus differs from ZnttO* 
and MgS0 4 . 

By passing chlorine over a heated mixture of the oxide and carbon 
beryllium chloride l»oCL sublimes in white crystals which fume in moist air. 
The vapour density of tin* chloride (b. pi . .">20 ) corresponds above <>30" with 
the formula BeTL. Metallic beryllium is obtained by the electrolysis of a 
fused mixture of the chloride with sodium and ammonium chlorides, or of 
tho fluoride wit h sodium fluoride in a nickel crucible with a carbon anode. 
It. is a hard white metal, density I 812, m. pt. I2S0 , burning brilliantly 
m air when heated in tho form of powder, hut it docs not decompose 
steam even at a rod beat . Tf is readily soluble in hydrochloric acid and in 
dilute sulphuric acid, but not m nitric acid, and readily soluble in alkalis 
(cf. aluminium). Beryllium is a constituent of some alloys. 

Beryllium hydroxide Be(OH) 2 is soluble in alkalis but is reproci pita ted 
on boiling the solution. It is readily soluble in ammonium carbonate and a 
basic carbonate is precipitated on boiling the solution or passing a nipid 
current of steam through it. By those reactions it is distinguished from 
alumina, which it otherwise closely resembles. Beryllium nitrate Be(N() 3 ) a 
is used in making gas maul les, a small quantity being added to the thorium 
and cerium nitrates (p. 840). 

On evaporating beryllium hydroxide with acetic acid a characteristic 
basic acetate Bo 4 0((\,l[,0 2 ) c is formed. This is readily volatile (b. pt. 330"), 
giving the normal vapour density' and is soluble in chloroform. T le 
X-ray examination of tho crystalline compound shows that the four 
beryllium atoms are arranged at tin* corners of a regular tetrahedron, with 
the oxygen at the centre, and tho six edges are occupied by the acetate 

groups. 



Fiu. 3(>9.- (’rystal of 
beryl. 
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Magnesium 

History. — In 1695 Nehemiali Crow obtained from the water of a mineral 
spring at Kpsom a peculiar salt which was called Epsom salty which is 
magnesium sulphate MgSO,,7H 2 () ; magnesium chloride MgOJ 2 is contained in 
sea water. Magnesium and calcium compounds were distinguished by 
Hoffinaiiri in 1722. By precipitating solutions of these salts with potassium 
or sodium carbonate, a basic; carbonate called magnesia alba is obtained. 
Black in 1 754 showed that this contains hxod air or carbon dioxide combined 
with calcined magnesia or magnesium oxide MgO, left after ignition of 
magnesia alba. Metallic magnesium was obtained in an impure state by 
Davy in 1808, and the coherent metal by Hussy in 1829 by fusing the an- 
hydrous chloride with potassium. 

Occurrence. — Magnesium is widely distributed, occurring as mag- 
nesite. MgC0 3 , dolomite MgOO a ,Ca(X) 3 , kieserite MgS0 4 ,H 2 0, kainite 
MgS0 4 ,K 2 S0 4 ,Mg01 2 ,f)H 2 0 and camaUite K01,MgCl 2 ,bH 2 0. It is also 
contained in spinel MgAl 2 0 4 and olivine Mg 2 SiQ 4 : talc and meerschaum 
are hydrated silicates, asbestos is calcium magnesium silicate, and other 
common rock-forming minerals containing magnesium silicate arc 
augite and serpentine. All plants and animal tissues contain small 
amounts of magnesium : it is contained in chlorophyll , the green 
colouring- matter of plants. 

Magnesium. — Metallic magnesium is prepared by the electrolysis of 
fused magnesium chloride or the fused magnesium chloride and potas- 
sium chloride obtained by heating carnallite. The cathode is the iron 
crucible, the anode is of carbon enclosed in a porcelain tube. The 
chlorine is led off and the metal floats to the surface, being protected 
by a current of hydrogen or coal gas. The electrolysis of magnesium 
oxide dissolved iri molten magnesium fluoride, and the reduction of the 
oxide by carbon at 2000° have also been used. The send -fused metal is 
pressed into wire, which is then rolled into ribbon. 

Magnesium is silver-white, soft, and very light. It is stable in dry air 
but soon becomes covered with oxide in moist air. It burns with an 
intense white light when heated in air, producing the oxide MgO and a 
little nitride Mg 3 N 2 . It- also continues to bum in sulphur vapour, steam, 
carbon dioxide, sulphur dioxide, nitric oxide and nitrogen dioxide ; it 
reduces carbon monoxide when heated. Magnesium reduces sodium 
and potassium oxides on heating. Magnesium powder mixed with 
powdered potassium chlorate or barium peroxide burns explosively 
when kindled, producing a blinding white flash ; the mixture is used in 
photography and for signalling and star-shells. A mixture of magnesium 
and dry amorphous silica may also be used. 

Although the metal has a high boiling point, fine crystals are obtained 
by sublimation in a vacuous tube below 000°. It is a very light metal and 
is a constituent of light alloys. Magnesium is used as a “ getter ” in radio- 
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valves to remove the last trace of pas from the bulb : the metal is put on the 
filament and volatilised by heat, condensing as a bright mirror on the glass. 
(Phosphorus is also used as a “ getter/’) 

Magnesium dissolves readily in dilute acids, but not in alkalis. Mag- 
ncsium powder decomposes hot water and the amalgam decomposes eoid 
water. It precipitates silver, copper, lead and mercury from solutions 
of their salts, but reaction is rarely quantitative, some basic salt being 
precipitated and hydrogen evolved. 

Mao n K siUM Compounds 

Unlike calcium, barium and strontium, but like zinc, cadmium and 
mercury, magnesium does not form a hydride 4 directly. Magnesium fluoride 
MgB\j is sparingly soluble ; it crystallises in the tetragonal system, all the 
other halides being hexagonal. 

Magnesium chloride MgCL is very soluble. It is usually prepared from 
canwflitfi KOl,Mg( -1 2 ,(>H 2 () which occurs in large quantities in the Stass- 
furt deposits, it fuses at. 17t)°, undergoing decomposition with deposi- 
tion of practically all the potassium chloride, and fused magnesium 
chloride Mg('l 3 ,0H 2 O remains, which, crystallises on cooling. The 
crystals are very deliquescent and are used in lubricating cotton thread 
in spinning. Magnesium chloride forms hydrates with 12, S, H, 4 and 
2Ho(). Magnesium salts are very little hydrolysed in solution, since 
magnesia is a strong hast 4 , but if the crystalline hydrates of magnesium 
chloride are heated they undergo hydrolysis; hydrochloric acid and 
steam are evolved and magnesium oxychloride Mg 2 001 2 is left, and on 
strongly heating in air this evolves chlorine and leaves the oxide : 
2Mg 2 001 2 + 0 2 -4MgO -r 2CL Anhydrous magnesium chloride is pre- 
pared by beating the hexahydrate in a vacuum or in a current of hydro- 
gen chloride. Another method is to add ammonium chloride to the 
solution, evaporate, and heat. The double salt MgCl 2 ,NH 4 01,(5H 2 0 
which is left on evaporation loses water and the residual MgCl 2 ,NH 4 Cl 
when strongly heated evolves hydrogen chloride and ammonia, leaving 
fused anhydrous magnesium chloride. 

If a concentrated solution of magnesium chloride is mixed with 
magnesium oxide, the paste solidifies to a hard white mass of a hydrated 
magnesium oxychloride MgfTj,oMgO, used as a dental stopping and as a 
finish for plaster, since it takes a fine polish. 

Magnesium bromide MgI5r 2 ,hH 8 0 and magnesium iodide Mgl 2 , 811^0 occur 
in some mineral springs and are prepared in the same way as the 
chloride, by dissolving magnesium oxide or ear bon ate in the aeids. 

Magnesium oxide MgO occurs in octahedral crystals as the mineral 
'periclase. It is formed as a white powder by burning the metal in air or 
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oxygen, and by heating the hydroxide, nitrate, basic carbonate or 
native carbonate (magnesite). When prepared by heating the carbonate, 
it is called calcined magnesia. Two varieties are formed, light and 
heavy, with densities in the ratio 1 : 3*5, from the corresponding car- 
bonates. Magnesium oxide is only very sparingly soluble, but it slowly 
combines with water, forming the hydroxide, and it turns moist red 
litmus paper blue. It fuses only at a very high temperature and is used 
for refractory bricks for furnaces. It is reduced by carbon in the electric 
furnace, forming magnesium carbide. A crystalline oxide is produced 
by heating the powder strongly in a current of hydrogen chloride. 

Magnesium hydroxide Mg(OH)., occurs crystalline as the mineral brucite. 
It is prepared by precipitating a solution of magnesium sulphate or 
chloride with alkali hydroxide ; the white precipitate (insoluble in 
excess of alkali) is washed and dried at 100°. On the large scale it is 
made by precipitating a solution of magnesium chloride with milk of 
lime. 

The solubility of magnesium hydroxide (0*01 gin. per litre of water at 
18°) is reduced by addition of potassium or sodium hydroxide, but 
increased by the addition of ammonia and especially of ammonium 
chloride. This reaction is applied in qualitative analysis, where mag- 
nesium is kept in solution by ammonium chloride whilst the metals of 
the groups III, IV, and V are precipitated by NH 4 ()H, NH 4 HS, and 
(NH 4 ) 2 C0 3 , respectively • 

The solubility m ammonium salts may be explained as follows. If an 
ammonium salt is brought in contact with Mg(OH) a the OLT ions of the 
latter are withdrawn to form practically un-ionised NH (1 OH, the ionisation 
of which is Htill further reduced by the excess of NH 4 * ions of the NH 4 CL 
More Mg(OH) a therefore dissolves to provide a further supply of OH' ions, 
and the process goes on until the solubility product [Mg*’] x [OH'] 2 is 
readied, or if this cannot be attained, until all the Mg(OH ) 2 is dissolved. 

Magnesium peroxide, probably JVIg0 2 , is obtained in an impure state by 
precipitating a solution of the sulphate mixed with hydrogen peroxide with 
sodium hydroxide. After drying it is used as an antiseptic in tooth-pastes* 
etc. 

The normal magnesium carbonate MgC0 3 occurs native as magnesite in 
large amounts in Greece and in other places ; the hydrate MgC0 3 ,3H 2 0 
is the rare mineral nesguehonite. This also slowly crystallises from a 
solution of 20 gm. of Epsom salt and 14 gm. of sodium bicarbonate in 
150 ml. of water. The precipitates formed by adding alkali carbonates 
to solutions of magnesium salts are always basic carbonates. From 
solutions at the ordinary temperature, the precipitate after drying is a 
light loose powder — magnesia alba levis. From a boiling saturated 
solution a denser crystalline precipitate is thrown down ; this is 
evaporated to dryness, washed, and dried at 100°, and is known as 
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magnesia alba pomkrosa. Both are used in medicine, and have approx i- 
rnately the formulae MgOO.„ Mg(OH) 2 with 3J and 3H 2 0, respectively. 
Magnesium carbonate is much more easily decomposed by beat than 
calcium carbonate : %( ^ _ %() , ^ 

If the powdered carbonate or basic salts are suspended in water and a 
current of carbon dioxide is passed in, they dissolve readily, producing 
a solution of magnesium bicarbonate Mg(HOO :i ) 2 , known as fluid magnesia . 
The basic carbonate is precipitated from it on boiling. 

Magnesium nitride Mg a N 2 is a yellow solid obtained by strongly beating 
magnesium in a stainless steel boat in nitrogen or at a lower temperature in 
ammonia gas. It is decomposed by water : 

Mg a N„ i 3H/)-- 3 MkO f 2N1 T v 

Magnesium nitrate is formed as deliquescent crystals Mg(N0 : /) 2 ,f>H 2 0 by 
evaporating a solution of the oxide or carbonate in dilute nitric acid. It is 
soluble in alcohol. 

Magnesium phosphide Mg,l\ is obtained by heating inagnosium and 
phosphorus ; it is decomposed by water with evolution of phosphine : 

Mg 3 P s * 3HoO - 3MgO + 2PH 3 . 

This is used as a test for ]>bospbatos ; the solid is heated with magnesium 
powder in an ignition tube, when magnesium phosphide is formed, and on 
breathing on the cooled residue a smell of phosphine is noticed. 

Tertiary magnesium phosphate Mg ;1 (P0 4 ) 2 occurs in bones and in the 
seeds of cereals, and is precipitated from a solution of 20 gm. of Epsom 
salt in a litre of water by a solution of 194 gm. of Na 2 HP0 4 ,12H 2 0 and 
4 gm. of NaHCO-t m a litre* of water. Ordinary sodium phosphate 
Na 2 H PQ 4 slowly precipitate's magnesium hydrogen phosphate MgHP0 4 ,3H 2 0, 
slightly soluble in cold water. The acid phosphate Mg(H 2 P0 4 ) 2 ,2H 2 0 
is formed by dissolving magnesium oxide in hot concentrated phos- 
phoric acid. If a solut ion of a magnesium salt is mixed with solutions 
of ammonium chloride and ammonia, and a phosphate added, a crystal- 
line precipitate is deposited, slowly from dilute solutions but more 
rapidly on stirring or scratching the sides of the beaker with a glass rod, 
or shaking in a stoppered bottle. This is magnesium ammonium phosphate 
Mg(NH 4 )P0 4 ,(>H 2 0, sparingly soluble in water (007 gm./lit. at 15°) 
and Jess so in dilute ammonia (0*023 gm./lit. at 15° in equal vols. 
0*880 ammonia and water) ; its formation is a test for a phosphate or 
magnesium. On heating to dull redness it is converted into magnesium 
pyrophosphate Mg 2 P 2 0 7 , in which form magnesium is estimated in 
gravimetric analysis : 

2Mg(NH 4 )P0 4 = Mg 2 P 2 () 7 + H 2 0 +2NH 3 . 

Magnesium ammonium phosphate occurs in some urinary calculi. 
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Magnesium sulphide MgS is formed by direct combination of the 
elements ; it is hydrolysed by water so that alkali sulphides pre- 
cipitate only the hydroxide, but a solution probably containing mag- 
nesium hydrosulphide Mg(HS) 2 is formed by passing hydrogen sulphide into 
a suspension of the oxide in water. Tt decomposes on warming, evolving 
pure hydrogen sulphide. 

Magnesium sulphate occurs native as killer tie MgS0 4 ,H 2 0, practically 
insoluble in cold water but soluble on boiling ; the heptahydrate 
MgS0 4 ,7TL>0 separates on cooling in colourless crystals of Epsom salt. 

Epsom salt is made by d Solving magnesite (native MgCO ;i ) or dolo- 
mite (native MgDO^OaOOj) in boiling dilute sulphuric acid and filtering 
from calcium sulphate. Iron is separated by boiling with a little pre- 
cipitated magnesium carbonate, and the filtrate on evaporation and 
cooling yields crystals of Epsom salt. Magnesium sulphate is used as a 
purgative, as a dressing for cotton goods, and in dyeing with aniline 
colours. 

Hydrates of MgNOj arc known with 7 (2 (onus), <>, 5, I, 2 (?), U, 1[ and 
IH 2 0 ; at 150° kieserite (MgSOpll/)) is formed from Epsom salt, and from 
kiesoriteat 200 tJieanhvdrous hiilpbntc. Theeominonhy(lrato3\IgSOp7If a O 
is ifcomorphous with ZnK() 4 ,7H 2 0, but a monoelinie variety, isomorphous 
with FeS0 4 ,7H 2 0, is known. When very strongly heated m air, magnesium 
sulphate decomposes, leaving the oxide. Double salts with alkali metals 
are readily termed, e.q. MgNOpK 2 tt<),,0i{>O is schorn'tc , a Stassfurt mineral, 
which is deposited from a hot solution on cooling (although K 2 tt(), is less 
soluble). A solution of the anhydrous sulphate in concentrator! sulphuric 
acid deposits crystals of Mg(HS0 1 ) i . 

Double salts in solution are almost completely decomposed into the single 
salts, as is shown by the depression of freezing point. They are so 
distinguished from complex salts such as K 4 Fe(CN) u , which retain their 
constitution in solution and ionise accordingly : 

K 4 Fe(CN) 0 - 4K* i Fe(CN) 0 "". 

Tsomorphous mixturos or mixed crystals, c.q. of FeS0 4 ,7 H 2 0 and Mg»S() 4 ,7f 1 2 0, 
differ from double salts by hexing a variable composition, and they mnv 
be represented by such formulae as (Fe, Mg)S0 4 ,7H 2 (). 

Magnesium is separated from the alkalis by adding baryta-water, 
when Mg(OH) a is precipitated. The excess of baryta is ])reeipitateil 
from the filtrate by saturation with carbon dioxide, when BaCO : * is 
formed, leaving the alkali carbonates in solution. The precipitate of 
Mg(OH) 2 is washed, dissolved in dilute hydrochloric acid, and precipi- 
tated as MgNH 4 P0 4 . 


Zenc 

History.— Plato (400 u.c.) refers to orichalcum, probably brass, an alloy of 
$dbnc and copper no doubt obtained by heating copper with an ore known as 
cadmia and charcoal. 
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Brass of tho period 1500 b.c. containing 23 per cent of zinc and 10 per 
cent of tin, was found at (Sezer in Palestine. Deposits of calamine , native 
zinc carbonate, occur in the old silver mines of Laurion in (Jroece. Strabo 
(about. 7 B.C.) describes the, preparation of the metal, which he calls mock- 
silver, by heating the oxide with coal. A statuette from Thrace of about 
his time consists of zinc with lead and a little iron. 

The name spelter is used for the metal by B<>\ U\ and Libavius about 1H00 
describes zinc, which he says was a peculiar kind of tin called minim brought - 
from the East Indies. The extraction oi zinc seems to have been carried 
out at an early period in ( 'Inna. The real nature of brass was not clear until 
Kunckol observed that : “‘calamine allows its mercurial [?.c., metallic] 
part to pass into, the copper and form brass." Zinc was identified as the 
metal from hlendfe (ZnS) by liomberg in 1595 ; the extraction of the metal 
from calamine was effect-oil by Isaac Lawson in 1730, and in 1743 the first 
European zinc works was started by John Champion at Bristol. 


Occurrence. — Zinc occurs as blende, (sphalerite in the U.S.A.) ZnS, 
usually coloured yellow or brown by iron (" black-jack ” of the miners) 
and possessing a characteristic resinous lustre. It is found in England, 
in many parts of Europe and America, in Rhodesia, Burma and New 
South Wales. The carbonate occurs as calamine (smithsonite in the 
U.S.A.) ZnC0 ;j . Electric calamine or hi mimorphite (calamine in the 
U.S.A.) is a silicate Zn 2 SiO >4 ,ll 2 (). The anhydrous silicate is mllemite, 
which is used in making fluorescent screens for X-rays and a -rays. 

Zinc oxide zincite or red zinc ore ZnO is rare, but zinc ferrite 
Zn(FeO a ) 2 or ZnO,Fe a ()., forms the important franhlinite deposit of 
Franklin Furnace, New Jersey, mostly worked for zinc oxide and the 
manganese it contains. 'Die New South Wales ore contains galena and 
is first “ concentrated " by flotation (p. 6). Certain varieties of 
pyrites, e.g. Westphalian, eontain zine sulphide. Traces of zinc, occur 
as an organic compound in animal cells and in snake venom (0*11- 
0*50 per cent). 

Met all urgy. -Zinc is a volatile metal and can he distilled. In 1807 
zinc smelting was begun at Liege in Belgium and later on spread to 
Silesia. These t wo processes are still in use and are called the Belgian 
process and tho Silesian process , respectively. In Europe blende is 
mostly smelted. 

The blende is first roasted and the sulphur dioxide produced may be 
used to make sulphuric acid. External heating has to be used, the blende 
being raked in a series of muffles through which air circulates, or on a 
furnace hearth. Care must, be taken that only zinc oxide is produced : 

2ZnS + 30 3 - 2ZnO + 2SO.,, 

since the sulphate is very stable and it formed would give sulphide in 
the subsequent reduction, leading to considerable loss, borne sulphate 
is always formed but- is decomposed at the high temperature used. 
The roasted ore is next mixed with half its weight of powdered coal and 
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charged into small fire-clay retorts which are strongly heated. Zinc 
distiIs: ZnO+C = Zn + CO. 

The Belgian retorts consist of (ire -clay tubes closed at one end and set in a 
furnace, sloping towards the open end. An iron tube (called a “ prolong ”) 
is luted into the open end with clay and serves to condenso the zinc. The 
Silesian retorts (Fig. 370) are (ire-clay muffles, to which a fire-clay condenser 
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tube and ari iron air-cooled “ prolong " are luted. The newer Belgo- 
Silesian furnaces employ three rows of muffles, one above the other, the 
lower row' supported along their length on the hearth and the two upper 
row's only at the ends. They are (irod with gas. In all eases 10 2f> per cent 
of the zinc is lost, about half in the ash and half as vapour, and a consider- 
able proportion of the metal is obtained in the form of a powder mixed with 
oxide known as zinc dust. Continuous vertical furnaces aro also used and 
sometimes the poor-grade oxidised ores are roasted to form zinc oxide fume 
which is collected and then reduced in retorts, 

1 Commercial zinc is called spelter and contains about 97-98 per cent of 
zinc, 1-3 per cent of lead, up to 01 per cent of iron, more rarely cad- 
mium and some arsenic. Pure zinc is prepared by electrolysis of an acid 
solution of pure zinc sulphate with a high current density. It is essential 
that the electrolyte shall he free from cobalt. Indium is recovered as a 
by-product from some ores. The electrolyte may he prepared from 
roasted blende, dissolved in dilute sulphuric acid, followed by purifica- 
tion of the solution, iron, aluminium, arsenic, antimony, and silica being 
precipitated by milk of lime, and copper and cadmium by zinc dust. 

Very pure zinc (09*99 per cent) is made by recti li cation distillation. 
The main impurities are iron (1). pt. 2800‘ ), lead (b. pt. 1020°) and cadmium 
(b. pt. 7(>7°). The cadmium can be completely vaporised below the boiling 
point of zinc (905°). Molten zinc is fed into a column heated above its 
boiling point, when most of the zinc and all the cadmium distil and are con- 
densed, the iron and load collecting in the metal flowing from the base of 
the column. The molten zinc-cadmium alloy is similarly treated in a 
second column, when cadmium distils and pure zinc flow's from the base of 
the column. 

For use in the laboratory zinc, is granulated by melting in a clay 
crucible and pouring into a bucket; of water. Zinc foil or sheet is pre- 
pared by heating the metal to I00°-lo0°, when it becomes soft, and 
rolling it. 

■ Zinc dust is made by atomising molten zinc with a blast of air, and con 
>? l§pt8 of small spheres of zinc coatod with oxide. It always contains oxide, 
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but the good kinds may contain over 90 per cent of' metallic zinc. Zinc 
nitride may be present. Zinc oxide may be removed by washing with very 
dilute hydrochloric acid, water and alcohol, and drying. 

Properties. — Zinc is crystalline (hexagonal), moderately hard and 
brittle, and has a bluish-white colour. Its vapour density corresponds 
with the formula Zn. It readily bums in air when the turnings are 
heated in a flame, or the metal is heated strongly in a crucible, producing 
a white cloud of oxide which settles out, in the form of woolly flocks. 
These were called “ Philosophers’ wool ", nix alba, or pom/pholtjx, by the 
alchemists. A tassel of thin sheet zinc tipped with a little burning 
sulphur burns brilliantly in oxygen. The metal oxidises in moist air 
forming a greyish-white crust of the basic carbonate, and is attacked 
and dissolved by soft water, especially that containing peat acids, or 
sea water. The zineo-solveney of water is reduced by standing over 
limestone. 

Zinc is more resistant to moist air than iron, and is used as a pro- 
tection for this metal. The iron sheets or wire arc cleaned by a sand- 
blast and “ pickling M in dilute hydrochloric acid, and arc dipped into 
molten zinc when an adherent coating of the latter is formed. This 
process is known as (jdl ran ising and the product as galvanised iron . 
Iron articles may also be coated with zinc by spraying or by beating 
them in zinc dust (site rard ising). The zinc dissolves before iron in 
presence of oxygen and moisture, since* it is more electropositive than 
iron. The metal is also used for the* negative electrodes of voltaic; cells. 

. Zinc dissolves in dilute acids evolving hydrogen (except with nitric 
acid) and producing zinc salts containing the cation Zn". It also dis- 
solves readily in hot solutions ol potassium or sodium hydroxides 
(magnesium is insoluble), evolving hydrogen and forming solutions of 
zincates (the solid zineates Na.>Zn0 2 ,nJ 2 0 and NaHZn0 2 ,3H 2 0 are 
described) : Zn + L >KO H - K 2 Zn0 2 + 1I 2 . 

Ordinary zinc* dissolves readily in dilute acid, whereas some varieties of 
very pure metal dissolve slowly unless a few drops ot copper sulphate or 
pi at ini c chloride solution are added. Metallic copper or platinum is pre- 
cipitated on the zinc and forms a galvanic couple, from the insoluble part 
of which hydrogen is readily evolved. Sturgeon (1830) found that the 
amalgamated metal is hardly attacked by acids ; the commercial varieties 
are more resistant when amalgamated than the amalgamated pure metal 
(J. N. Friend, 1929). 

Brass. — Copper and zinc form two definite compounds Ou 2 Zn 3 and 
(probably) OuZn, and also two types ol solid solutions called a- and 
jS-brass. ' The brasses are of two main types : ( I ) those with more than 
64 per cent of copper, which are homogeneous a-solutions ; (2) those 
with 55-64 per cent, of copper, com] wised of a- and ^-solutions. Brasses 
of 70 copper +30 zinc typify (1) and those of 60 copper + 40 zinc 
typify (2). 
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The effect of adding zinc to copper is to increase progressively the 
strength, toughness and hardness of the alloy up to 36 per cent of zinc, 
after which the increase in strength is more marked. Zinc mixes when 
fused with tin, copper and antimony in all proportions, but is only 
partially miscible with lead and bismuth. Various alloys containing 
from 2 to 36 per cent of zinc art' made. 


Gilding ?nefal (3-8Zn), tombac (gold colour: IO-J8Z11), pinchbeck (dark 
gold colour, 7' 1 JZu) arc low in zinc. ( \niridge brass is 70Cu \ 30Zn, common 
brass for sheets is 2('u to IZn. All a- brasses are ductile and can be workod 
cold : tin, load and aluminium are often added for special purposes, e.g. 
for condenser tubes the alloy contains 2i)Zn and lNn. The usual casting 
brass contains 27Zn, 2Pb and ISn. Muntz natal contains 60 02 Cu and 
40-38 Zn. Brass with 1-5 to 2 per cent of lead machines hotter; for free 
turning quuhties 2 to 3 per cent may he prcswit. Manganese is added to 
60 : 4-0 brass to increase the strength hut often only traces are present in 
manganese bronzt . A brass containing 2 per cent of manganese takes a dark 
brown or chocolate colour when extruded hot, duo to a tilm of oxide, and is 
used for window-frames. Aich metal is OOCu, 2Eo, and 3.sZri ; Stcrro metal 
contains more iron. High tensile brasses contain nickel m place of copper, 
e.g. oOCu, 45Zu and aNi. If the zinc is kept at 4a, the tensile strength 
increases uj> to 12 per cent Nj. Alloys with 4a each of copper and zinc and 
10 of nickel arc white (niefaf hrmsts) and can be worked hot. 


ZlNC CoMIHU’N US 

Anhydrous zinc chloride ZnCI 2 . a soft w hite solid (m. pt . 36o°, b. pt. 730 ) 
subliming at a red heat in white needles is formed by passing chlorine 
or hydrogen chloride over heated zinc or by distilling the metal wit ) i 
mercuric chloride : ^ T Zu Hf - \ Zn( V 

Chlorine decomposes zinc oxide at a dull red-heat forming the chloride 
with evolution of oxygen. Zinc chloride solution is formed by dissolving 
zinc or its oxide or basic* carbonate in hydrochloric acid. On evaporation 
a syrupy liquid is obtained : if a little concent rated hydrochloric acid is 
added, small deliquescent crystals of Zn(\„H a () separate. Jf the 
aqueous solution is evaporated to dryness, zinc oxychlorides Zn (OH )CI 
and Zn 2 OOi 2 are formed to some extent, but if the dry mass is distilled 
at a red heat the anhydrous chloride passes over. By evaporation in a 
current of hydrochloric acid gas the fused salt is obtained and may be 
cast into sticks. Zinc chloride is very deliquescent and is soluble in 
water, alcohol, ether, acetone and pyridine. 

An oxychloride Zu(OJf)('l or ZiiaOC 1 !., is produced by mixing n syrup; v 
solution of Hie chloride with zinc oxide and sols rapidly to a very hard mas- 
used as a dental stopping. Concentrated zinc chloride solution is used for 
impregnating timber to provont its destruction by micro-organisms p v dr\ 
rot ”), and as a caustic (it dissolves proteins), fn tirnber-proserving zua 
chloride is being replaced by sodium fluoride. 
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A solution of zinc chloride is used as a flux in soldering. On heating it 
liberates hydrochloric acid, which dissolves metallic oxides and keeps 
tho metal surface clean. Zinc chloride is used, like magnesium chloride, 
for “ filling ” (i.e. weighting) cotton goods. The compound Zn01„2NH s 
is formed as crystals in Leclanehe batteries, and zinc chloride absorbs 
ammonia gas to form ZnCUANH.,. These are hydrolysed by water, 
with deposition of white oxychlorides which dissolve in dilute, hydro- 
chloric acid. 

Zinc bromide Zultr 2 (m. pt. 390 ) and zinc iodide Znl, (m. pt. 450°) aro 
formed from tho olmneids in presence of water. Zinc fluonde ZnK s ,4H,0 is 
sparingly soluble. 

Zinc oxide Z 11 O is formed by burning zinc vapour in air : it is called 
zinc white and is used as a pigment-. It is prepared for pharmaceutical 
purposes by precipitating a solution of zinc sulphate with sodium car- 
bonate and heating th(* basic carbonate. It is a white powder which 
becomes sulphur-yellow on heating, tho colour disappearing on cooling. 
A crystalline oxide is formed by the action of steam on zinc at a red heat. 
Zinc oxide sublimes appreciably at. 1400°. It is reduced by dry hydrogen 
above 45(> u , Zinc oxide dissolves mujih in acids producing zinc salts, 
and in alkalis forming zi urates s*. It is 1 here fore an amphoteric oxide 
(p. 811). 

Zinc oxide is used as a pigment, as an absorbent in surgical dressing, as a 
“ filling ” for rubber, and in the preparation of Jtnnnan's green, which is 
obtained by heating znw oxide w ith a solution of cobalt nitrate and is cobalt 
zineato CoZnO,, in solid solution in /me oxide. The formation of this green 
substance is tho basis of the blowpipe test for zinc. 

Zinc hydroxide Zn(()H).> is formed as a white tlocculcut precipitate on 
adding alkali hydroxide or ammonia to a solution of a zinc salt. Am- 
monia does not precipitate zinc in presence of ammonium chloride. 
Crystals aro obtained by allowing a zinc plate and iron turnings to 
stand in concentrated ammonia. It can be dried at 85 ’ but loses water 
at higher temperatures. Zinc hydroxide is practically insoluble in water, 
but the precipitate is readily soluble in excess of alkali, forming a 
solution of a zincaic. Ammonia also dissolves it, forming a complex 
hydroxide : Zn(NH 3 ) 4 (OH) r Zn(NH ; .) 4 " • +20H'. 

By the action of cooled 30 per cent hydroiron peroxide oil zinc oxide, a 
white or yellow’ powder is obtained, which is believed to be a hydrated 
zinc peroxide ZtiO s .Aq. It is used in surgery and dermatology. 

Zinc and zinc oxide' dissolve in water containing carbon dioxide. 
Sodium carbonate or bicarbonate* precipitates white zinc carbonate from 
a solution of a zinc salt ; on standing under the mother liquor the 
amorphous precipitate forms ZnC0 ;J ,H 2 0. On washing, this forms the 
hmo carbonate 2Zn(» 3l 3Zn(0H) 3 ,H 3 0. The precipitate of zinc 
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carbonate is soluble in concentrated potassium carbonate solution but 
is precipitated on dilution. A crystalline carbonate is formed by heating 
zinc sulphate solution with sodium bicarbonate in a sealed tube at 
160°. When boiled with sodium carbonate solution, zinc carbonate or 
basic carbonates form zinc oxide. Zinc carbonate begins to decompose 
at 140° and decomposition is rapid at 300° : ZnC0 3 ~ZnO fC0 2 . 

Zinc nitrate Zn(N0 3 ) 2 ,4H 2 0 is obtained by dissolving the metal, oxide 
or carbonate in dilute nitric acid and crystallising. It is deliquescent 
and is soluble in alcohol. The anhydrous nitrate is formed by heating 
the hydrate at 130°- 135° in a current of carbon dioxide and N 2 0 ft 
vapour : it decomposes at 140°. 

The action of nitric acid on zinc is complex ; with concentrated acid 
nitrogen peroxide is evolved : 

Zn f 4HNCV Zn(N0 3 ) 2 4 2NO a -t 2IT a O, 
with diluted acid, nitric oxide : 

3Zn i 8HNO,- 3Zn(N0 3 ) a 4 2NO 4JKO, 
whilst with very dilute acid nitrous oxide may bo evolved : 

4Zri4 J0HNO a =- 4Zn(NO a ) s } N>0 » 5H 2 0, 
and the acid is also reduced to ammonia : 

4Zn + 10HNO,- 4Zn(NO a ). + NH a NO, \ 3H a O. 

Aminonia and a solution of zinc ethyl in dry ether give zinc amide 
Zn(NIIs)l : Zn(0,H 4 )* + 2NH,=Zn(NH f ), f 2C a LI 0 , 

and on boating to dull redness this forms zinc nitride Zn 3 N 2 ; 

3Zn(N11*), -Zn a N,4 4NH 3 , 

a grey or green powder vigorously decomposed by water (Fronklund, 1858) : 

Zn ;i N a + 3H 2 0 - 3ZnO 4- 2NH 3 . 

Zinc phosphide Zn 3 P a is a grey solid formed by heating zinc and phos- 
phorus : it evolves phosphine with acids. 

Zinc phosphate Zn a (P0 4 ) 2 ,4H 2 0 is obtained by heating a solution of 
zinc sulphate and Na 2 HP0 4 , in the form of pearly scales insoluble in 
water and dilute acids. On beating it forms the infusible anhydrous 
salt. Zinc ammonium phosphate Zn(NH 4 )P0 4 is precipitated from neutral 
solutions of zinc salts by ammonium phosphate ( cf . Mg) : 

Zn01 2 4 (N II 4 ) 2 H P0 4 = Zn(NH 4 )P0 4 +NH 4 C1 + HC1. 

When dried at 1 05° it is ZnNH 4 P0 4 and may be weighed in the gravi- 
metric determination of zinc. On heating gradually in an open cruoibi* 
it forms white zinc pyrophosphate, Zn 2 P 2 () 7 : 

2Zn(NH 4 )P0 4 - Zn 2 P 2 0 7 4- 2NH a 4- H 2 0. 
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Zinc sulphide ZnS occurs in cubic crystals as blende and more rarely 
in hexagonal crystals as wurtzite. Wurtzite may be formed from zinc 
vapour and hydrogen sulphide. An artificial phosphorescent sulphide 
(Sidot’s blende) formed on heating the precipitated sulphide to whiteness 
in a covered crucible is used in making fluorescent screens for X-ray 
and radioactivity work. Perfectly pure zinc sulphide is not fl uorescent. 
Massive zinc and sulphur do not react easily on heating, but the mixed 
powders react with incandescence when heated and the mixture may 
detonate on percussion. Zinc sulphide is easily obtained by heating 
zinc oxide with sulphur, or as a white precipitate on adding ammonium 
sulphide to a solution of a zinc salt ; it is insoluble in excess of reagent 
but dissolves in all dilute mineral acids, but not in acetic acid (cf. M 11 S). 

If hydrogen sulphide is passed into a solution of zinc sulphate, zinc 
sulphide is at first precipitated but owing to the acid formed the 
precipitation soon ceases : 

Zn” rU 2 S^ZmS+2H . 

If sodium acetate is added to the solution, the concentration of hydro- 
gen ions is kept low by the formation of the very weak acetic acid : 

t- 2 ll jjCV -f MV C 2 H 4 0 2 . 

If nickel and cobalt are present, they are precipitated only after all the 
zinc is precipitated. 

The best conditions for precipitation of /.me sulphide are at 50°-- 100° 
in a solution buffered to pH 2 to 3 by ammonium sulphate and formate 
and formic acid. 

Two modifications of zinc sulphide are precipitated, one (a-ZnS) in acid 
solution and another (j8-ZnK) in alkaline solution, the second form having 
live times the solubility of the first. In acid solutions the precipitation of 
zinc sulphide shows a period of induction, which is longer the more acid is 
the solution. In some cases no precipitate is formed, alt hough zinc sulphide 
is almost insoluble in the strength of acid used. Other sulphides, e.y. CuS 
and CdS, bring about simultaneous precipitation o( the zinc sulphide. 

Zinc dissolves in sulphurous acid solution to form zinc hyposulphite 
( u hydrosulphite ZnS 3 0 4 which is a powerful reducing agent : 

Zn + 2K()o = ZnS 2 () 4 . 

Zinc sulphate Zu80 4 ,7H 2 0, isornorphous with Epsom salt, is called 
white vitriol. It is very soluble in water. It is the commonest salt of 
zinc and is prepared by dissolving f he metal, oxide or carbonate in dilute 
sulphuric acid, evaporating, and crystallising below 39°. Above 39° 
ZnS0^6H s 0 is deposited. On heating ZnS0 4 ,7H 2 0 at 100 ZnS0 4 ,H 2 0 
is left, and at 280°, or lower in a current of dry air, anhydrous ZnS0 4 is 
formed. When heated above 707° sulphur trioxide is evolved and 
zinc oxide remains : %nS0 4 — ZnO + S0 3 . Double salts of zinc sulphate, 
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e.g. K 2 ^0 4 ,ZnS0 4 ,6H 2 0, are easily prepared. A dilute solution of white 
vitriol is used as an eye lotion, and zinc sulphate is used in the manufac- 
ture of lithopone (p. 7(>7). 

Ammine compounds similar to those of copper are formed with zinc salts 
e.g. Zn(NH 3 ) 4 n 2 ,HA Zn(NH 8 ) 4 S0„H 2 0, Zn(NH,) a S0 4 , etc. 

The atomic weight of /me was determined by precipitating pure zinc 
bromide with silver nitrate. 

Phosphorescence. —Reference lias been made to the phosphorescence 
of calcium sulphide and nitrate, and of barium and zinc sulphides, i,e. 
the property which these materials possess of shining after exposure to 
light, especially sunlight. This is used in the prepa ration of luminous 
paint. Pure compounds do not phosphoresce ; the property is due to 
traces of heavy metals such as bismuth, lead, copper, molybdenum, 
tungsten, uranium, etc. Phosphorescent calcium sulphide is obtained 
by heating a mixture of 100 parts of calcium carbonate with 30 parts of 
powdered sulphur for an hour to dull redness in a closed crucible. The 
mass is cooled, and triturated with alcohol to which sufficient bismuth 
nitrate is added to give 1 part of bismuth to 10,000 of calcium sulphide. 
The mass is dried in the air and heated to dull redness for two hours. 
It is then slowh cooled. 

Other phosphorescent masses are prepared by heating the mixtures A 
below, powdering tin 4 product, moistening with the solutions /?, and re- 
heating (all weights in grams) : 

1. Violet light : J : CuO (powder) 20, S (>, starch 2, Na 2 N() 4 0 5, K 2 S0 4 
0*5. B : 2 ml. of 0 o per cent l>i(N() 8 ) it solution i 0-5 ml. of aqueous TbSO^ 

2. Deep blue light : A : ( aO 20, Ita(OH)j 20. S 0, I\ 2 S() 4 l, Na 2 S0 4 1, 
Li 2 C0 3 2, starch 2. B : 2 ml. of 0*5 per cent alcoholic Hi(X() 4 ) , solution f 2 
ml. of I per cent RbNO, solution. 

3. Bright green light • .1 : SrCO^ 40, K 0, la/A l, As 2 S 4 I. B : 2 ml. of 
0*5 per cent TlN0 3 solution. 

4. Deep orange -red hght : A (only) : BuOO, 40, S 0, Li./T), 1, Rb/T) 3 ^‘4~ 

5. Golden yellow light (unusual) : BaCO, 2f>, Sr(OH) 2 Itf, H 10, starch 3, 
Li,SO| 1, MgO 1, Th(SO,) 2 2 mi. of 0 5 per cent solution, CuS0 4 3 ml. of 
0*4 per cent solution. Heat 10 minutes. 

Cadmium 

History.- A specimen of zinc oxide which had a yellow colour, although 
free from iron, was found by Ktromcyor in 1817 to contain the oxide of a 
new metal to which bo gave the name cadmium, from catlmia, the old na m< 
for zinc ore {Kah field, in Dioskourides). 

Occurrence. — Most zinc ores contain small amounts of cadmium 
Blende may contain 2- 3 per cent of cadmium and calamine up to 5 pc 
cent, but the average is less than 0-5 per cent. The only mineral, th 
sulphide greenockile CdS, is rare. 

Cadmium and its compounds. —Cadmium is more volatile than zin« 
as the boiling points of the metals in the zinc group decrease with risin 
atomic weight. Hence the first portions of dust collecting in the r< 
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oeivers of zinc furnace m which ores containing cadmium are reduced 
contain most of tile cadmium in the form of brown oxide CdO, mixed 
w$rth Zinc oxide, *2 lie dust is boated strongly with coal in retorts having 
long sheet-iron tubes as adapters. The distillate may contain 20 per 
cent or more of cadmium oxide and is distilled with charcoal in small 
iron or clay retorts to give (he metal. In America much cadmium is 
extracted from the fumes from load and copper furnaces, and some from 
the solutions used in making electrolytic zinc, from which it is precipi- 
tated by zinc. 

Cadmium is a soft bluish-whit e metal of low molting point *, it ‘ k c^ios’ , 
like tin when bent. The vapour density corresponds with the formula 
Cd. It is slowly oxidised in air, forming a protective coating, and very 
thin deposits of plating are used to protect iron and steel from rust. 
They may he heat-treated to form an alloy with the iron. Uadrnium is a 
constituent of some fusible alloys (p. 873)! A small amount of cadmium 
is alloyed with copper for electricity transmission wires ; it is added in 
small amounts to aluminium for casting and is also added to silver to 
decrease staining. It is used in antifriction alloys and in solders in place 
of tin. Cadmium amalgam, formerly used for dental stoppings, forms 
the cathode in the Weston standard cell. 

Cadmium dissolves slowly in dilute hydrochloric and sulphuric acids 
and easily in dilute nitric acid, forming colourless salts, which are 
poisonous. Cadmium chloride 2CdCl 2 ,.>H a O is efflorescent and is not hydro- 
lysed by water. The halogen salts are all soluble in water but are only 
feebly ionised, forming complex ions in which the metal exists in the 
negative ion: H'd ' rC<U;\ 

Insoluble cadmium salts, c.g. ( VIS, therefore readih dissolve in a solution 
of potassium iodide, since practically all the cadmium ions are removed 
as complex ions or un-ionised salt and the solubility product of the 
Cadmium salt is not exceeded : 

Cd(()H) 2 4 21' -(V1U + 20H'. 

If a concentrated solution of potassium iodide is added to an ammoniacal 
solution of a cadmium salt, a white precipitate of (V1(NH. } ) 2 I 2 is 
formed. Copper salts give no precipitate. Cadmium iodide is used in 
photography. 

The brown cadmium oxide (V10 is formed by burning cadmium in air, 
or by heating the hydroxide, carbonate or nitrate. White cadmium 
hydroxide Cd(0H) 2 is precipitated by alkali hydroxide from a solution 
of cadmium nitrate or sulphate ; it is insoluble in excess but dis- 
solves in ammonia forming a complex hydroxide Cd(NH ;l ) 4 (OH) 2 . 

Cadmium hydroxide attracts carbou dioxide from the air and cadmium 
carbonate CdC() :j is precipitated by adding excess of ammonium carbonate 
toasolution of cadmium chloride, then just enough ammonia to dissolve 
the precipitate and heating on the water bath. The white precipitate 
formed by alkali carbonates from solutions of cadmium salts contains 
some hydroxide. 

Gataiwa cyanide Cd(CN) 2 readily forms a soluble complex salt with 
potassium cyanide, but the complex ion is so much ionised that a 
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precipitate of cadmium sulphide is formed in the ammoniacal solution 
by hydrogen sulphide (cf. copper, p. 727) : 

Cd(C]Si ) a + 2KCN -K 2 0d(rN) 4 -2K- 4 Cd(ON) 4 " 
(M(( , N) 4 "^Cd"+ 4CN\ 

Cadmium nitrate 0d(N(),) 2 ,4H 2 O is deliquescent and is soluble in 
alcohol. 

Cadmium sulphide CMS is obtained as a bright -yellow precipitate (used 
by artists under the name of cadmium) by passing hydrogen sulphide 
into a solution of a cadmium salt which is not too strongly acid. It 
crystallises in forms which may be either yellow or red. In more acid 
solutions a red form is precipitated— perhaps only because the particles 
are larger. If the acid concentration exceeds 1 -3 normal the sulphide is 
not precipitated : 

H 2 SfCdS()j v (MS 4 * H 2 S0 4 . 

According to Treadwell, a double salt, e.g. (YLC^S, is always present in 
the precipitate. Cadmium sulphide is insoluble in ammonium sulphide 
but is soluble in boiling dilute sulphuric acid. 

Cadmium sulphate 3CdS0 4 ,8H 2 0 is formed in large crystals by the 
spontaneous evaporation of a solution of cadmium or cadmium oxide in 
dilute sulphuric acid. It is used in the solution in the Weston cell. 

The so-called “ cadmnus "compounds, (VJ 2 (). (MCI, are probably mixtures 
of bivalent cadmium compounds and finely-divided metallic cadmium. 


Mercury 

History. — Metallic mercury is mentioned bv Aristotle and Theophrastus 
as liquid silver ’’ and Dioskourides calls it silver water ” or hydrargyroft , 
which .Pliny calls hydrargyrum (the origin of the symbol Hg). The name 
“quicksilver” (anyutum rivum) is also used by Pliny, fn the Homan 
period the metal was made, as at present, by roasting the 11 a tive sulphide 
from Spain, winch was also used a red pigment. 

Metallurgy. — Small quantities of mercury occur native or as amalgams 
and halogen compounds, but the only important ore is cinnabar , mer- 
curic sulphide HgS, a red or black mineral found in Alnmden (Spain). 
Idria, Monte Amiata (Italy), and in smaller amounts in Peru, California, 
Mexico, China, and Japan. In the extraction of the metal the cinnabar 
is roasted in a current of air : 

HgS 4 0 2 -- Hg 4 S0 2 . 

Mercury undergoes only slow oxidation in air at 300° ; it was used in 
Lavoisier’s famous experiment (p. 33) to extract the oxygen from air, 
the resulting mercuric oxide being decomposed at a higher temperature 
into mercury and oxygen : 

2Hg + (V--2Hg(). 

In the preparation by roasting cinnabar in air, the mercury vapom 
carried on with the gas is condensed by cooling. 
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In modern works the lump ore is mixed with fuel and fed to the top 
of a shaft furnace (Fig. 371) and the mercury vapour is condensed 
in cooled Y-shaped 


tubes. Powdered 
ore is roasted in a 
vertical shaft with 
inclined shelves 
sloping alternately 
in opposite direc- 
tions, flames and 
heated air passing 
upwards over the 
ore, and the mercury 
vapour is condensed 
in brick chambers fie ^ ual 
and flues. \ 

In the older pro- 
cess of extraction, 
now used only at. 

Aim Aden, the ore is 
roasted in a shaft b\ 


Ore A 
Charcoal 


Waste gas 



Mercury 

-collects 


Kin. 371. — Mcrriirv shaft- furnace. 


i lire, and the vapours pass through openings into 
series of stoneware mblh arranged lirst in a descending and then in an 
ascending position on brick arches. The condensed mercury flows from t hese 
into a channel and then into cisterns. The metal 
is exported m iron bottles holding About 75 lb. 

The old processes in which cinnabar was dis- 
tilled with lime or iron tilings are in use only for 
very rich ore : 

4HgS i 4EaO - 4Hg -i 30aK + Ca»S0 4 
1 1 gS -i Fc - H g c F eS . 

The uses of mercury have diminished. Tt- has 
been replaced b\ silvering in making mirrors, and 
the amalgamation method for the extraction of 
gold and silver is being displaced by the cyanide 
processes. Its other uses (p. 7K8) require only 
small amounts. A curiosity is the use of an 
artificial radioactive isotope made from gold in 
some II non ‘scon t lamps. 

Commercial mercury contains lead and some- 
times zinc, tin and bismuth ; it leaves a 
kl tail " when if runs over glass and forms 
a black scum when shaken with air. It is 
purified by running it several' times in a fine 
stream through a column of 5 per cent nitric 
acid containing some mercurous nitrate (Fig. 372), when the lead, etc. 
(which are more easily oxidised than mercury) dissolve in the acid* 


Fig. 372. — Purificati 
of mercury. 
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It may also bo shaken with a concentrated solution of potassium per- 
manganate in 0 N sulphuric acid containing a little ferric, chloride. 

T r\ j t/W The mercury is then distilled m a 

/ \~head vacuum with a still surface, as If it 

“ ' umps ” impurities are earned over 

fr 7T (Fig. 373). 


Barometric 

height 


Barometric j I burner Properties. — Mercury is a silver- white 

I liquid metal of high density (13*5955 

1 at 0°) which freezes to a malleable solid 

. . t in solid carbon dioxide and ether. It 

f V, Barometric boils at 357° and the vapour is mona- 

Wm height tomic (see p. 1 10). The metal has only 

o* a small vapour pressure at room tem- 

! perature (<0*0002 mm. at 0°, 0*008 

; mm. at 40°, 0*270 mm. at 100°) and in 

; | Ol-i- laboratory air it is covered with a film 

%j ur f so that it is >ractieally non-volatile. 

Pure mercury -ktm The vapour may be seen rising from 
Fio. 373. — Mercury still. warm mercury by its fluorescence in 

ultra-violet light, and as it is very poisonous mercury should never be 
heated in an open vessel in the laboratory. 

Mercury is used in making thermometers and barometers, mercury 
vapour lamps, and amalgams : its compounds (especially mercuric 
oxide and mercurous and mercuric chlorides) are used in medicine, and 
the fulminate is used in detonators. 

Mercury is transj/arent in very thin films, and transmits blue light. 

When triturated with fats and powders such as chalk or sugar, mercury 
is divided into very minute globules (0*002 mm.) and such grey preparations 
are used in medicine. A brown colloidal solution is formed by reducing 
mercurous nitrate by stannous nitrato in presence of ammonium citrate. 


Pure mercury HM 
Fio. 373. — Mercury still. 


Mercury forms amalgams with most metals and these often contain 
definite compounds ; iron is amalgamated with difficulty, by grinding 
iron powder with water and mercuric chloride. Copper amalgam be- 
comes plastic when warmed at 100 and rubbed in a mortar ; it hardens 
again after a few hours and is used in stopping teeth. Mercury in silver 
nitrate solution forms a tree like growth (arbor Diana?) of silver 
amalgam. Mercury easily whitens gold and copper. 


Mercury combines with oxygen and sulphur when heated, with 
chlorine at the ordinary temperature, and with iodine on grinding in a 
mortar ; with excess of mercury green mercurous iodide is formed, with 
excess of iodine red mercuric iodide. The metal is not attacked by 
hydrochloric acid in absence of air nor by cold concentrated or hoi 
dilute sulphuric acid. Hot concentrated sulphuric acid converts it into 
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• mercuric sulphate. Mercury dissolves in dilute and concentrated 
nitric acid, forming mercurous and mercuric nitrates, respectively. 

Mercury forms two series of compounds, the mercurous and the mercuric 
compounds. In the mercurous compounds HgX it is apparently 
univalent but they probably have the doubled formulae Hg 2 X 2 and 
contain the bivalent group --Hg — Hg- in which mercury is bivalent. 
The mercuric compounds HgX 2 contain bivalent mercury — Hg — . 

The constitution of the mercurous compounds has been the object of 
several experiments. H. IS. Baker found that the vapour density of care- 
fully dried mercurous chloride corresponds with the doubled formula Hg 2 Cl 2 , 
which was also found by Beckmann from the freezing point of a solution of 
mercurous chloride in fused mercuric chloride. Ogg, from physico- 
chemical considerations, concluded that the mercurous ion has the 
formula Hg 2 “. 

The vapour density of undried mercurous chloride corresponds with 
the formula Hg('l, but Harris and Victor Meyer (1894) showed that the 
vapour is dissociated : HggClg ^ Ilg-f-HgCB. If the vapour is contained 
in a porous earthenware tube, mercury diffuses out and condenses in globules, 
whilst the residue in the tube contains an excess of HgCU. If gold leaf is 
introduced into the vapour, it is amalgamated by the free mercury. Salts 
of mercury do not react with gold. 

Mercurous Compounds 

*> 

Mercurous fluoride Hg 2 K 2 is a yellow crystalline solid, soluble in water, 
formed by dissolving mercurous carbonate in hydrofluoric acid. 

Mercurous chloride Hg.,Cl 2 occurs native as horn quicksilver. It is 
formed by the action of chlorine on excess of mercury and as a white 
precipitate on addition of hydrochloric acid or sodium chloride to mer- 
curous nitrate solution. To obtain a pure product, excess ol chloride is 
used and the solution heated. 

Mercurous chloride is called cahvncl and is used in medicine as a pur- 
gative. It is prepared by subliming in an iron pot a mixture of mercuric 
chloride and metallic mercury, made by triturating the substances in a 
mortar. The crust of calomel formed on the lid ol the pot is ground to 
powder and boiled with water to remove the very poisonous mercuric 
chloride, some of which always sublimes unchanged : 

HgCl 2 + Hg-Hg 2 Cl 2 . 

Mercurous chloride is very sparingly soluble in water (0-4 mg. per lit. 
at 20°,) ; it dissolves to some extent in solutions of chlorides and in con- 
centrated hydrochloric acid but is decomposed into mercuric chloride 
and mercury. It dissolves in hot concentrated nitric acid , 

3Hg 2 Cl 2 + 8HNO* =- 3HgCl 2 + 3Hg(N0 8 ) a + 2N0 + 4H 2 0. 
Aqueous ammonia converts it into a black powder, formerlj regarded as 
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a definite compound Hg 2 ClNH 2 , but probably consisting of a mixture of 
black finely-divided mercury and the mercuric compound called “ in- 
fusible white precipitate” (p. 795), viz. Hg + HgCl.NH 2 . A similar 
black precipitate of Hg + HgN0 3 .NH 2 is formed when ammonia is 
added to mercurous nitrate solution. 


Mercurous bromide Hg 2 Br 2 is a while insoluble powder similar to calomel. 
Mercurous iodide Hg 2 I 2 is formed as a green powder by triturating excess 
of mercury and iodine. On heating it becomes yellow. The pure iodide, 
formed by boiling excess of iodine with mercurous nitrate solution contain- 
ing a little nitric acid and cooling, consists of transparent yellow crystals 
which blacken on exposure to light : Hg 2 l a = llgl 2 -i Hg. 

Mercurous oxide Hg 2 0 is formed as a black powder by triturating 
calomel with sodium hydroxide solution or by precipitating a solution of 
mercurous nitrate with sodium hydroxide. It readily decomposes on 
warming or on exposure to light into mercury and mercuric oxide, and 
has been regarded as a mixture of mercuric oxide and finely-divided 
mercury, as its X-ray diagram indicates. 

Mercurous carbonate Hg 2 CO, t is formed as a yellow precipitate on adding 
excess of potassium bicarbonate solution to mercurous nitrate solution and 
allowing to stand for a few days to decompose any basic nitrate. It decom- 
poses on exposure to light or when gently heated : 

Hg 2 CO s - HgO f Hg i CO*. 

Mercurous nitrate Hg 2 (N0 ;{ )2i2H 2 0 is formed bj^thc action of dilute 
nitric acid on excess of mercury in the cold, and readily crystallises from 
the solution on standing. If water is added to the crystals a white pre- 
cipitate of basic nitrate is formed, which redissolves in dilute nitric acid. 
A little mercury is usually kept in the solution to prevent oxidation to 
the mercuric compound. A crystalline basic nitrate with the formula 
3Hg 2 (N0;j) 2 ,2Hg 2 0,2H 2 0 is called M ariynac s salt. Mercurous nitrate 
decomposes on heating into nitrogen dioxide and mercuric oxide: 
Hg 2 (N0 3 ) 2 - 2HgO + 2N0 2 . 


Mercurous sulphide Hg 2 S is formed by the action of carbon dioxide and 
hydrogen sulphide on dry mercurous chloride at - 10°. It is decomposed 
by water, and the precipitate from solutions is Hg + HgS. 

Mercurous sulphate Hg 2 S0 4 is formed by warming an excess of mercury 
with concentrated (or fuming) sulphuric acid and deposits as a coarse 
crystalline powder on cooling. Tt is formed as a white precipitate by 
adding sulphuric acid to a solution of mercurous nitrate. It tends to 
'hydrolyse when washed and a greenish -yellow basic salt with the 
formula Hg 3 S0 4 ,Hg 2 0,H 2 0 is formed. According to Hulett (1904) 
the pure sulphate is best obtained by electrolysis with a mercury 
, anode in dilute (1:6) sulphuric acid. Mercurous sulphate is used as u 
depolariser in the Weston cell. 
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Mercuric (Compounds 

The mercuric compounds HgX 2 arc formed by the oxidation of mer- 
ourous compounds. Calomel dissolves in aqua regia forming mcTCuric 
chloride HgCl 2 . The mercuric coni])ounds may be reduced to mer- 
curous compounds or to metallic mercury. Calomel is precipitated if 
sulphur dioxide is passed into a solution of mercuric chloride : 

2HgCl 2 + 2H 2 0 4 S0 2 - Hg 2 Cl 2 + 2HC1 + H 2 S0 4 . 

By the action of a solution of stannous chloride, white calomel or grey 
finely-divided mercury is precipitated according to the amount added": 

2HgCl 2 + SnCL - Hg a Cl 2 + SnCl 4 
Hg 2 Cl 2 + SnCl 2 = 2Hg + SnCl 4 . 

All compounds of mercury arc reduced to the metal on boiling with 
hydrochloric acid and copper foil ; the foil becomes white owing to 
amalgamation, and on healing it in a glass tube a sublimate of minute 
globules of mercury is formed. A similar sublimate is obtained if a 
mercury salt is heated with powdered charcoal and sodium carbonate. 

Mercuric fluoride HgF t is formed by heating mercurous fluoride in dry 
chlorine at 275 u or alone in a vacuum at 450" ; it is discoloured by tracts of 
moisture. The hydrate HgE 2 ,2H a O is formed in white crystals by dissolving 
mercuric oxide in excess of hydrofluoric acid, and is easily hydrolysed by 
water to a yellow basic salt UgF(OH). 

Mercuric chloride Hg01 2 , sometimes called corrosive sublimate on 
account of its volatility (m. pt. 277°, b. pt. 302°) and poisonous proper- 
ties, is formed at the ordinary temperature by the action of chlorine on 
mercury, even when the materials are very dry. It is manufactured in 
this way, or by subliming a mixture of mercuric sulphate, common salt 
and a little manganese dioxide in a long-necked flat-bottomed flask 
heated in a sand-bath : 

HgB0 4 + 2NaCl = Hgd 2 + Na 2 S0 4 . 

The manganese dioxide prevents the formation of calomel from some 
mercurous sulphate usually contained in the mercuric sulphate. The 
flask is broken after cooling and the cake of sublimate removed from the 
upper part. 

Mercuric chloride forms colourless needles, sparingly soluble in cold 
but readily in hot water ; 100 parts of water dissolve at 0° 4-3, at 10 
6*57, and at 100° 54 parts of HgCl 2 . It is only very slightly ionised in 
solution (p. 237), and the solution (in which the salt has the normal mol. 
wt.) is slightly hydrolysed. . 

Mercuric chloride is a violent poison. The fatal dose is 0*2-0*4 gm. ; 
the antidote is the immediate administration of raw whites of eggs, 
followed by an emetic. The albumin is coagulated. Corrosive 
sublimate is used in preserving skins, as a bactericide, and in 0-1 per 
pent solution for sterilising the hands and instruments in surgery. 
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Mercuric chloride is readily soluble in alcohol and in ether (which 
extracts it from a solution of water). On account of its small ionisa- 
tion, mercuric chloride is not decomposed by boiling concentrated 
sulphuric acid. It is not acted upon by nitric acid. 

Mercuric chloride dissolves with evolution of heat in concentrated hydro- 
chloric acid ; the 1 solution does not fume and on cooling deposits crystals of 
H HgCl ,. With chlorides of alkali metals crystal line compounds are formed, 
e.g . KHgCl 3 and Na 2 HgCl 4 , which are partly decomposed in solution and 
partly ionised into complex ions . 

Na 2 HgCl, 2Na* fHgC 1 4 " 

A solution ofNa 2 HgCl 4 is used instead of mercuric chloride as an antisoptie, 
since it is neutral m react ion an< 1 does not coagulate proteins. The ammoni- 
um salt (NIIdjHgtVHjO is called sal alembroth . 

Alkalis precipitate a solution of mercuric chloride only incompletely, 
and mercuric oxide dissolves in hot solutions of alkali chlorides forming 
strongly alkaline liquids 

HgCl, i 2Na()H ^ HgO \ 2NhC1 , H 2 () 

This depends on the small ionisation of moreunc chloride, t lie concentration 
of mercuric ions irom the dissociation of which is less than that in the very 
dilute saturated solution of mercuric oxide. The oxide therefore dissolves 
with formation of un-iomsed mercuric chloride. 

A mixture of mercuric chloride solution and oxalic* acid (in presence of 
minute traces of iron salts) is reduced on exposure to light with measurable 
velocity depending on the intensity of the light : 2HgCI 2 4 0 2 O 4 H a 
HgjClj + 2 COjj 4 2I1C1. Since the calomel may be filtered of! and weighed, 
the reaction is used as a chemical photometer (Brief) 

Phosphorus pontaclilof jde combines with mercuric chloride to form the 
volatile crystalline compound 3HgCl 2 ,2PCl 6 . 

By boiling a solution of mercuric chloride with mercuric oxide, mercuric 
oxychlorides are formed, e.g. 2HgCl i JfgO (rod), HgCl 2 ,2HgO (black), 
HgCl 2 ,3HgO (klewtie) (>ellow), HgTl 8 ,4HgO (black). 

Mercuric bromide HgBr 2 is similur to the chloride but less soluble, and is 
formed from mercury and bromine or by dissolving mercuric oxide in 
hydrobromie at id. 

Mercuric iodide Hgl 2 is formed as a yellow precipitate, which rapidly 
becomes scarlet, oil adding the calculated amount of potassium iodide 
solution to mercuric chloride solution. On heating to 126° it is con- 
verted into another crystalline form which is yellow. The reverst 
change occurs on cooling, especially if the substance is rubbed. The 
yellow form is deposited on sublimation. Mercuric iodide is sparingly 
soluble in water (0-06 gm. per lit. at 25°) but more soluble in alcohol 
* It is not decomposed by dilute alkalis. 

Mercuric iodide readily dissolves in solutions of mercuric chloride or 
potassium iodide. In the second case a complex compound* potassium 
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mercwri-iodidfl KHgI 3 is formed. The solution is not predicated by 
alkalis since practically no mercuric ions are present, and mercuric oxide 
'dissolves in a solution of potassium iodide to form a strongly alkaline 
liquid : HgO +3KJ + H 3 () KHgI 3 f 2KOH. 

A solution of potassium mereuri-iodide containing excess of potas- 
sium hydroxide is used as a test for ammonia under the name of 
Nessler’s reagent. With traces of ammonia a brown colour, with larger 
afhounts a brown precipitate of NH 2 Hg a r„ is formed* 

Nessler’s reagent is prepared by dissolving 02*5 gin. of potassium iodide 
in 250 ml. of distilled water, and adding to the solution, except 5 mi. which 
is kept separate, a cold saturated solution of mercuric chloride until a faint 
permanent precipitate i»s formed. About 500 ml. will lie required. The 
6 ml. of KI solution are then added, and more Hg( % gradually until a slight 
permanent precipitate i.s formed. 150 gin. of potassium hydroxide are 
dissolved in 1 50 ml. of (list liled water and the cooled solut ion added gradually 
to the other solution The whole is made up to 1 litre. After settling, the 
clear solution, which should have a slight > cl low colour, is decanted into a 
bottle covered with black varnish. It improves on keeping. 

Mercury periodide Hgl f) is a brown substance said to be obtained by the 
action of inoretiric chloride on an alcoholic solution of potassium tri-iodide. 
It readily loses iodine. 

Mercuric oxide HgO is formed as a dense red crystalline powder 
(mercurivs praccipikttH# per w.) by heating mercury fora long time just 
below its boiling point in a flask with a long neck open to the air : 

2Hp + 0 8 - 2HgO. 

The red crystalline oxide is also obtained (as “ red precipitate ”) by 
heating mercuric nitrate or a mixture of mercuric nitrate and mercury 
(at higher temperatures the mercuric oxide decomposes) : 

2Hg(NO :t )> - 2HgO + 4N() a + 0 2 
Hg(NO.j) 2 fHg -2HgO -t 2i\() 2 . 

Alkali hydroxide (not ammonia) gives a yellow precipitate of finely- 
divided mercuric oxide from a solution of mercuric nitrate ; according 
to Ostwald this differs from the red oxide only by the particles being 
smaller : 

Hg(JNO a ) 2 fSNaOH- HgO f2NaM0 8 + H s 0. 

Mercury peroxide HgO a is obtained as an amorphous brick-red powder 
when hydrogen peroxide and then alcoholic potash are added to a solution 
of mercuric chloride in alcohol. It i^ fairh stable but is decomposed by 
water. The peroxide is also formed by the action of H 3 O a on HgO at 
0°, but decomposes with evolution of oxygen, leaving finely-divided 
inercury. 

* Thfc precipitate was previously given the formula {Hg 2 0)NH 2 l or NHg # T,HgO 
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Mercuric carbonate is known only in the form of two basic salts, ochre- 
yellow HgCO a ,2HgO, and brown HgCO a ,3HgO, precipitated by adding 
mercuric nitrate solution to a large excess of KHC0 3 and K 2 C0 3 solution, 
respectively. 

Mercuric nitrate is obtained in large very deliquescent colourless crystals 
2Hg(N0 3 ) 2 ,H 2 0 by boiling mercury with excess of concentrated nitric 
acid, cooling and evaporating over quicklime in a desiccator. Mercuric 
nitrate is decomposed by water and the basic salt Hg(N0 3 ) 2 ,2Hg(3> is 
formed as a white powder. Mercuric nitrate is precipitated from 
solution by concentrated nitric acid. 

Mercuric sulphide HgS occurs native as cinnabar and is the pigment 
vermilion. It is formed by subliming mercury with sulphur or by tritu- 
rating mercury and sulphur with a little potassium or sodium hydroxide 
solution, when the black sulphide first produced slowly becomes red 
and crystalline. The red form is less soluble in alkali sulphides than the 
black and hence the latter when digested with sodium sulphide solution 
is slowly converted into scarlet vermilion. There is another crystalline 
form called metacinnabar. Mercuric sulphide is formed by precipitating 
a solution of the chloride with hydrogen sulphide : 

HgCl 2 + H 2 S - HgS + 2HC1. 

The black precipitate of HgS first formed becomes white if shaken 
with the excess of mercuric chloride solution, the compound HgCl 2 ,2HgS 
being produced. The further action of H,S changes this into a red and 
finally a black precipitate (HgS). The black precipitate becomes red on 
sublimation. It is insoluble in boiling concentrated hydrochloric acid 
or dilute nitric acid, but dissolves in aqua regia or in concentrated solu- 
tions of potassium or sodium sulphides, forming thio-salts, e.g. K 2 HgS 2 , 
5H 2 0 (white needles). It is easily soluble in a mixture of sodium 
hydroxide and ammonium sulphide. It is decomposed by boiling 
concentrated sulphuric acid : 

HgS + 2H 2 S0 4 « HgS0 4 + S0 2 + S + 2H 2 0. 

Mercuric sulphate HgS0 4 is obtained by boiling mercury with 1 1 times 
its weight of concentrated sulphuric acid and evaporating to dryness : 

Hg + 2H 2 S0 4 « HgS0 4 + S0 2 f 2H 2 0. 

The white residue may be crystallised from sulphuric acid. With a small 
quantity of water it forms colourless crystals of HgS0 4 ,H 2 0, but it 
readily hydrolyses, producing a yellow crystalline powder HgS0 4 ,2Hg0 
sparingly soluble in water and called turpeth mineral. 

Mercuric sulphate decomposes at 400° : 

3HgS0 4 - Hg 2 S0 4 f Hg + 2S0 2 + 20 ai , 
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and when heated in a current of hydrogen chloride it is quantitatively 
converted into mercuric chloride. 

Mercuric cyanide Hg((\N) 2 , which is only slightly ionised, is formed by 
dissolving mercuric oxide in aqueous hydrocyanic acid and crystallising ; 
it is used in the preparation of cyanogen. Mercuric thiocyanate Hg(ONS), is 
formed as a white precipitate on adding RUNS to Hg(N() 3 ) 2 solution; 
when made into small pills with gum tragacanth soaked in water, arid lit 
with a taper it gives poisonous fumes of mercury and a long, snake-like 
mass of a polymerised cyanogen product- [Pharaoh's serpent). 

Mercuric fulminate llg(ON( 1 )» (isomeric with the cyanate) is obtained 
as a white precipitate on warming a solution of mercury in excess of 
nitric acid with alcohol. ft is used in making detonators, since it ex- 
plodes on percussion. It is being replaced to some extent by lead 
azide Pb(N 3 ) 3 . 

By adding a solution of Ugh. in liquid ammonia to an excess of potass- 
amide KNH, dissolved m liquid ammonia, a chocolate-brown precipitate of 
mercuric nitride Hg ;i N 2 js ft >rme< I . Mercuric acetylide .‘!( \ Hg, H 2 0 is formed as a 
white precipitate on passing acetylene into a ^elution of mercuric oxide in 
ammonia and ammonium carbonate. 

Mercurammine compounds. The tendency to form complex compounds 
is very marked in the case of mercury. By the action of ammonia gas on 
mercuric chloride a compound Hg( , J.,,2NlI,i, called fa sibfc white precipitate, 
is obtained. This is also formed as a, white precipitate by adding a solution 
of mercuric chloride to a boiling solution of ammonium chloride and am- 
monia. It was formerly regarded as lnercuri-dmmjrioniiim chloride 
Hg(NHj('l) s , but is probably an additive compound [ lig(NH 3 ) 2 '|(ll 2 . If 
ammonia is added to a solution of mercuric chloride, mercuric oxide is not 
obtained, but a white precipitate ol anunomercuric chloride NH 2 -HgCl, 
i.e. mercuric chloride m w hich one atom of chlorine is replaced by the 
amino-group Nll 2 , is formed. This is called infusible white precipitate. 

If mercuric oxide is gently warmed with aqueous ammonia, a yellow 
powder known as Millon's base is formed. According to Raminelsberg 
(1888) this is the hydroxide corresponding with the dimercuriammonium 
hydroxide NHg*‘OH,2H..O. On drying at 125° m ammonia gas, dark- 

Hg 

brown explosive NHg..*()Jl, or perhaps 0/ NH, is formed. Hofmann 

X Hg 

and Marburg (1899) formulated Millon's base as (H()ILg) 2 NH 2 OH, but the 
formula H0(lIg 2 0)NH 2 ,H 2 () is now adopted, since it loses H 2 0 when 
dried in ammonia, gas and forms HOTfgO‘Hg-NH 2 . ( (impounds isomeric 
with the salts of Millon’s base- were prepared by franklin by the action of 
liquid ammonia on HgBr, and IIgl 2 ; lie regarded them as HgrNHgX and 
formulated Millon's base as IIO-Hg-N H-Hg-OH. 

By the action of aqueous ammonia on calomel a black powder is formed, 
which is a mixture of infusible white precipitate and finely-divided mercury, 
Hg + NH a HgCl. A similar black precipitate is formed by adding ammonia 
to a solution of mercurous nitrate, Hg + NH 2 ‘HgN0 3 . 

The format ion of this black powder from calomel is said to be the origin 
of the name of the latter, from the Ureek kalomdas , beautiful black. 
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Only mercuric, salts form ammines (addition compounds with ammonia) 
raercurotw compounds are decomposed into mercuric compounds and 
taercury. 1 



CHAPTER XL 


VOLTAIC CELLS 


Electrical energy. — Electrolysis is accompanied by an absorption of 
energy. In batteries, chemical reactions occur and chemical energy is 
transformed into electrical energy, the inverse* of electrolysis. H. E. 
Armstrong supposed that all chemical changes are really cases of re- 
versed electrolysis, but the only (Langes which can furnish electric 
currents are those involving electrically charged ions. 

In chemical reactions there is usually an (‘volution of heat, derived from 
the diminution of chemical energy. The heat evolved in a reaction at con- 
stant volume is a measure of the decrease of total energy (p. 279). if the 
reaction takes place so as to product* an electric current , the energy of the 
current, is a measure of the decrease of free energy in t he reaction, since it 
may be wholly converted into useful v ork by means of an electric motor. 

The free energy change is the correct measure of the affinity of the 
reaction. The possibility of the* measurement of chemical affinity in 
terms of electromotive force was clearly pointed out by Davy. 

Although Faraday's second law shows that the same quantity of 
electricity (9h,500 coulombs) is required in the decomposition of one 
gram-equivalent of a compound into its uncharged ions, the amounts 
of electrical work spent in the (((‘composition of various compounds are 
very different . 

The energy of an electric current is given by the product of the quan- 
tity of electricity transported l>\ the current and the electrical pressure 
which drives the. electrons. The elect rieal pressure is (‘ailed electromotive 
force (E.M.F.), measured in volts. The electrical energy measured in 
joulos is {rivet, by ; Vo]ts . Coulomhs ... Joules . 


The work done per second, or the power, is measured by the product 
of the amperes and volts ; the unit of power, 1 joule per second, is 
called a watt : Volts v Amperes 


Watts. 


The watt is a small unit, so that in practice the kilowatt, or 1000 watts, 
is used. Energy is then measured in kilowatt hours (K.W.1L), or the 
number of kilow atts expended per hour. 

Voltaifc cells*- An arrangement in which the energy of a chemical 
reaction is converted into electrical energy is called a voltaic cell, since 
the first representative of this type of apparatus was invented by \olta 
in 1800. 

Volta's cell consisted of a plate of zinc and one of copper immersed m 
dilute sulphuric acid. When the plates outside the liquid are joined by 
a wire the zinc dissolves, but hydrogen bubbles are evolved from the 
copper, not from the zinc. An electric current, recognised by its heating 
and magnetic effects , 11 ow s t h r< >ugh t he w* j re . J *( >sit i v< * electricity passes 
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inside the cell from the zinc to the copper by positive hydrogen ions 
moving in this direction. The hydrogen ions deposit on the copper 
plate, give up their charges, and appear as gaseous hydrogen. The 
discharge is due to removal of free electrons from the copper plate : 
H’+e-H. 

The negative charge taken from the copper is maintained by a current 
of electrons flowing along the wire from the zinc to the copper, i.e. in 
the opposite direction to the conventional positive current. The 
electrons come from the zinc, which dissolves as positively charged zinc 
ions : Zn — Zn ' * + 2e . 

If the zinc had merely dissolved in the acid without producing current 
the hydrogen ions would have been discharged in contact with the metal 
and hydrogen gas evolved from the zinc. In the cell, the hydrogen ions 
travel through the liquid to the copper plate in order to pick up electrons. 
The two reactions, when they arc com] tolled to tako place at two different, 
places, produce a current. The reaction in a. cell has, therefore, been called 
“ chemical action at a distance." 

The voltaic cell does not generate electricity. The electrical charges arc 
present in the materials of the cell in the form of electrons, and the electron* 
are adder! to, or subtracted from, atoms to form ions. During this transfer 
of electricity, energy may be taken from the bat tery. 

The Daniell cell. -The E.M.F. of the Volta coll rapidly decreases when 
current is taken from it , owing to deposition of hydrogen on the copper, 
leading to polarisation. In the Daniell cell (183d), the voltage remains 

practically constant. This cell consists 
(Fig. 374) of a rod of amalgamated zinc 
immersed in dilute sulphuric acid, and 
an outer copper vessel containing copper 
sulphate solution. The two solutions 
are separated by a pot of unglazed 
earthenware, which prevents them from 
mixing but permits the passage of ions 
moving from one liquid to the other. 

The zinc dissolves in the dilute aeid 
as zinc ions and the hydrogen ions 
passing from the liquid round the zinc 
through the porous partition remain in the copper sulphate solution. 
Instead of hydrogen ions being deposited, copper ions, more easily 
discharged, give up their charges to, and form a coating of copper on. 
the copper plate . * 

The not reaction is the transfer of two unit positive charges from tD* 
copper ions to metallic zinc, whereby metallic copper and zinc ions am 
formed : Cu” t Zn -Cut- Zn”. Since the reaction involves the transfer 
5 / 00,500 coulombs, and the voltage of the cell is M, the decrease of fr< ,k 
energy in the reaction is M y 2 x 90,500 - 21 2,300 joules, or 2 1 2,300/4' 184 
50,741 g. cal. The boat evolved in the displacement of copper from a sec- 
tion of copper sulphate by zinc : Zn-f ( f uS0 4 - ZnS0 4 f Cu, or Zn t Du" 
Zn’* f- Cu, is 50,100 g. cal. In this case, therefore, the free energy change 



Fio. 374. — Daniell coll. 
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about the same as the total energy change. This is exceptional ; in most 
cells the two are different, and may even differ in sign. 

Zinc in a solution of zinc sulplmlc, and copper in a solution of copper 
sulphate, separated by a porous cell, will also give a ourront and may 
be considered as a modification ol the Daniel l cell. In this ease the ion 
SO/' migrates from the CuSO, to the Z 11 SO, solution. Copper is deposited 
from the first solution, and zinc dissohes in the second. 

If an external voltage slightly greater than M volts is applied to the 
terminals of this cell in the opposite direction to the F.M.F. of the cell, the 
chemical reactions are reversed. Zinc; is deposited and copper dissolves. 
A cell of this type is called a reversible cell. 

Electrode potentials.— if the zinc is replaced in the Daniell cell by 
cadmium, the E.M.F. changes, if silver in silver sulphate solution is sub- 
stituted for copper in copper sulphate, there is also a change in E.M.F. 
The voltage of a cell depend* on the nature, of hath its electrode s, metals and 
solutions , and the voltage is the algebraic difference of two single potentials , 
one corresponding with each, electrode. These art' called electrode potentials. 

Electrolytic solution pressure.—' The source of 
the electrode potentials may be explained by 
Nernst/s theory of electrolytic solution pressure. 

A bar of zinc in a solution of zinc sulphate tends 
to throw oft* zinc ions owing to its solution pressure. 

But the zinc ions in the solution exert an osmotic 
pressure, and tend to redeposit on the metal. As Fio. 375.— Diagram 

a result of the first, change, tin* metal acquires a illustrating formation 
negative charge, and the* solid ion a positive charge. J’j electrical double 
This reaction is brought to a standstill by the au r ' 
attraction of the opposite charges, so that a layer of positive zinc 
ions is attracted to the surface of the negat ive zinc plate (Fig. 375). 



The more zinc, ions are in the solution, the greater is their tendency to 
deposit on the metal, so that t ho solution pressure of the metal is opposed 
and finally balanced by the osmotic pressure of the ions in solution. 



If a bar of copper is placed in 
copper sulphate solution the copper 
ions (since their osmotic pressure is 
opposed by a relatively small solu- 
tion pressure) tend to deposit on the 
metal, giving up their charges. The 
metal becomes charged positively, 
leaving the solution negatively 
charged, but the formation of a* 
layer of negative ions on the metal 
surface again puts a stop to this 
react ion. 


Fxg. 376. — Theory of the action of if the two single electrodes, zinc 

a voltaic cell. an( l copper, are put in communica- 

tion by a porous partition between the solutions, as in Fig. 3 <6, we have 
a Daniell cell. 




soo 




INOBGANIC CHEMISTRY 


lOMAT 


The single potentials of metals in solutions of their ions containing X gm. 
mol. per litre are given iri the tabio Mow. The sign attached is that of the 
charge of the electrode. Hie table is called the electromotive series. Hydro- 
gen dissolved in platinum or palladium acts like a metal electrode to solu- 
tions of acids, containing H' ions. Each entry gives the potential difference 
in volts at 18° between the given electrode and tho hydrogen electrode in a 
solution normal in 11* ions. The “ absolute ” potential difference between 
the hydrogen electrode and a normal solution of H‘ ions is about 0-274 volt, 
and the absolute potential of an electrode, referred to the solution at zero 
potential, is given by adding 0-274 to the (iguro in the table. 


Electromotive series of the metals. 


K - 2-92 
Oa - 2-S7 
Mg - 1 -05 
Mn i -05 
Zn ~ 0*70 


Fe(Ee* ) - 0-44 
Cd -0-40 

Ti - 0 33 

!Sn(ftn*’) -01 1 

Pb -0126 


H 0-00 

(’ufCJir) 4 0-345 
llg(Hg 2 ") +0-80 
I'd + 0-82 

Ag + 0-80 


The voltage of tho Danioll cell with molar solutions is 0-345 - ( 0-70) - 

1*105, the copper being positive. 


Since ionisation takes place by addition of positive charge, one metal 
will dissolve in a solution of a second metal, displacing the second 
metal, when the electrode potential of the first metal is algebraically 
smaller. 


Zinc in a solution of cadmium ions will dissolve and cadmium be deposited, 
since - 0*70 -(- 0*40) — -0*36; whilst cadmium will deposit copper, 
sine© - 0*40 -(4-0*345) 0-745. Silver will not- deposit copper from a 

solution of copper ions, since 0-S0 - ( j 0-345) - - 4 0* 155. The electromotive 
series is also an affinity series. 

Although non-metals are non-conductors, their electrode potentials 
relative to solutions of their ions may be measured by absorbing a 
trace of the substance in a platinum plate, and using this as an electrode. 
A platinum plate immersed partly in chlorine gas and partly in a 
solution containing chloride ions acts as a positive chlorine electrode : 
Cl 2 + 2e^2GT. 

Electromotive series of non-metals. 

1+0-54 Br 4 1*07 Cl + 1-30 

Thus, the voltage of the cell : Zn | d/ZnS0 4 1 AKBr | Br 2 , Pt will !*• 
1 -07 -( “0*76) = 1*83. The small potential difference between th'* 
two solutions is neglected in the above calculations. The potential 
between solutions containing H* or OH' ions is relatively large. 

Decomposition of potentials. —It has been stated (p. 241) that- * 
definite potential difference between the electrodes is required in th*' 
decomposition of an electrolyte. When the decomposition is reversih* \ 
the decomposition potential is equal to the algebraic difference of P 
electrode potentials of the two ions, since the electromotive force £ 
polarisation set up by the products of decomposition, acting as a v* 
must be overcome before further deposition of ions can occur. 
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‘ Although some ions, such as copper and other (hut not all) metal ions, 
are deposited by the application of the reversible decomposition 
potential, others and notably hydrogen ions require a larger potential 
than this and the excess is called the overvoltage (or oiwrpofi’nfial) of the 
ioti. For hydrogen this is very small on platinised platinum but is large 
on amalgamated lead or on mercury used as the cathode. This explains 
why sodium is deposited rather than hydrogen on the mercury in the 
Castner-Kellner cell (p. 205). 

Concentration cells. — -Since electrode potential depends on the con- 
centration of the ions, two portions of the same metal immersed in two 
solutions of the same electrolyte of different concentrations can form a 
cell, known as a concentration cell. The voltage depends on the greater 
tendency of copper ions, r.j/., in concentrated solution to deposit on 
copper, on account of the greater osmotic pressure, than copper ions 
in dilute solution. The copper in the concentrated solution has a greater 
positive potential than that in the dilute solution. The metal dissolves 
in the dilute solution and deposits from the concentrated solution, 
until both solutions become equally concentrated. The combination 
then shows no E.M.F. 

On a concentrated solution of stannous chloride (which must not contain 
much free hydrochloric acid) in a test -tube pour carefully a dilute solution 
of the sarms salt. Insert a stick ol tin, (Fig. 377). After a few hours a 
crystalline deposit of tin forms on the rod m the concentrated solution. 

If electrodes arc immersed in solutions not of 
-molar concentration with respect to the ions, a 
correction must be applied to the electrode poten- 
tials to take account ol the influence of ionic 
concentration. In more concentrated solutions 
the osmotic pressure of the ion is more active in 
tending to cause deposition on the electrodes. If 
e 0 and e 0 are the electrode potentials in solutions 
of ions of concentrations c and 1 gm. mol. per 
litre, respectively, at IK , then : 

O'OaK 

e r -- - e f , i log c, 

illustrating the action of 

where n is the valency of the ion. The electrode rt concentration cell, 
potential of Zn in deeimolar solution of ions is 

- O’ 7(5 - 0*058/2-- --0-7S1) volt. It is numerically greater than in molar 
solution, since the opposing osmotic pressure of the ions is less. The corre- 
sponding value for copper is ► 0-34.7 0-058,2-- t 0-310. 

If potassium cyanide is added to the copper sulphate solution in the 
Daniell cell, the copper ions art 1 nearly all removed to form complex 
ions Cu(CN) 4 ''', and the direction of ‘the current changes sign. On 
account of the low osmotic pressure of copper ions, copper dissolves and 
zinc ions arc driven out of solution as metallic zinc. 

Oxidation and reduction. — The oxidation of stannous chloride to 
stannic chloride, or ferrous chloride to ferric chloride, by means of 



Fin. 377. — Experiment 
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chlorine, may furnish an electric current. A cell is made up as follows ; 

Positive pole : a platinum plate in a solution of sodium chloride,* 
saturated with chlorine. 

Negative pole : a platinum plate immersed in a solution of stannous 
chloride. 

The two are separated by a porous partition. Chlorine dissolves in 
the platinum and sends off chloride ions into the solution, leaving the 
plate with a positive charge: Cl + e-Cr. To neutralise this, negative 
electrons pass round the wire from the other plate, and the stannous 
ions which come in contact with this lose negative charges and are 
oxidised to stannic ions : Sri'* -- 2e- Sn The current is completed 
in the cell by chloride ions moving through the porous partition. 

Let a cell be constructed as follows : 

Negative pole : a platinum plate charged with hydrogen immersed in 
dilute acid. 

Positive pole : a platinum plate in a solution of ferric chloride. 

Hydrogen dissolved in the negative plate throws off hydrogen ions 
into the solution, leaving the plate charged negatively: H-~H’+e. 
The negative charge passes to the other plate, and discharges Fe/“ ions 
touching the plate to Fe" ions: Fe* "4 -e-Fe’*. This is a process of 
reduction. 

Measurement of the K.M.F. of (jells of this kind gives a. measure of the 
relative strength of an oxidising or reducing agent, the hydrogen 
electrode being used as a standard. 



GHAPTEK XU 
GROUP III METALS 


Group 111 of the periodic table is in two parts : 

The (a) Hub-group : metals of the rare earths and the radioactive 
element actinium (p. 401). 

The densities at room temperature and the lultiee type's of the rare earth 
elements and the approximate m. pts., when known, are given (e,p. = close 
packed ; f.e. — face-centred ; lu\ hody-centred) : 


At. no. 

Latt ice 

| Density 

At, 

vol. 

M. pt. 

j! At. no. 

Lattic 

Den- 

sity 

At, 

vol. 

21 

Sc-a 

hexag. c.p. 

3 02 

14 D 

1200 ' 

|, t»4 (!<! 

hexag. c.p. 

7 95 

19*7 

So-/? 

cubic f.e. 

3-20 

14-1 


, 05 Tb 

hexag. c.p. 

8-33 

19*1 

39 

Y 

hexag. c.p. 

4-34 

20 f> 

1475' 

00 I )y 

hexag. c.p. 

; 8-50 

18*9 

57 J 

f La- a 

hexag. c.p. 

> 19 

22* 5 

sio 

, 07 Ho 


— 

" l \ 

lLa -0 

cubic f.e. 

i 18 



i 0 S Er 

hexag. c.p. 

i 9*10 

18*2 

58 1 

fCc-a 

hexag. c.p. 

> 7S 

23' 2 

030 

! 09 Tin 

hexag. c.p. 

9*35 

18 1 

iCe-j3 

cubic f.e. 

>81 



! 70 Yb 

cubic f.e. 

: 7*oi 

24 7 

59 1 

f Pr-a 

hexag. c.p. 

>•78 

2 (I*N 

940 

7 1 Lu 

hexag. c.p. 

9*74 

18*0 

lPr-0 

cubic f.e. 

OKI 







00 

Nd 

hexag. c.p. 

7O0 

20 0 

840° 





Hi 

Pm 



— 






02 

Sm 



20 0 

1350° 





03 

Eu 

cubic b.c. 


31 9 







The abnormally high atomic volumes of ouropium and ytterbium are 
noteworthy. 

The electron configurations of the atoms are given on p. 822. 

The (b) Sub-group : boron, aluminium, gallium, indium and thallium. 



b 

Al 

(la 

In 

T1 

Atomic number 

5 

13 

31 

49 

81 

Electron configumtioi i 

2*3 

2-8-3 

2 S IS 3 

2 * 8 * 18*18*3 

2*8* 18*32* j 

Density - 

2 34 

2*70 

5 9 

7*31 

11*85 

Atomic volume 

4*02 

100 

11-8 

15*1 

17*2 

Melting point - 

2300“ 

059*8° 

29*75 J 

155*4° 

303*5° 

Boiling point - 

2550' 

> 2200 ’ 

> 2000 ' 

> 1450° 

1475° 


The typical group valency is 3 but boron forms several hydrides in 
which its valency is anomalous (]>. P>f>. r >) ; some metals of the rare 
earths (Sm, Eu, Yb) can be bivalent as well as tervalent, and in many 
of its stable compounds cerium is quadrivalent, as is praseodymium in 

803 
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the oxide Pr0 2 : gallium and indium also form compounds in which 
they are uni- and (possibly) bivalent, and thallium is most stable in 
univalent compounds. 

The maximum c*o valency of boron (in a short period) is 4, shown in many 
compounds, e.g. KBK 4 . The valency arrangement is tetrahedral in such 
compounds as boroaalicylie acid, which show optical isomerism (Boseken, 

1 

m'.u 4 ! h 
I COO 'OCX" j 

Aluminium shows a covalency of 4 in the bimolocular halides : 

Cl v Cl Cl 

\m,/ ;-ai: 

Cl ' Cl ' Cl 

and in many coordination compotuids, e.g. NafAlCl.,), [ AlCl s (NH a ) |. 
[AKl^PH.,)], etc., and as it belongs to a long period it also shows a covalency 
of h in many compounds, e.g. Nh ; ,|A 1F,,1. [ A!(NH ; ,) 6 |CI 9 , etc., when the 
valency arrangement is octaliedral. This is shown by the optical activity 
of the complex oxalate (Wahl and Andersin, 1927) : 

f -oc <>l 

A1 1 K* 

-OF- <>J 




C 6 H 4 r 


O 


O 




and similar compounds. The rare earth met als show a maximum covaloncv 
of (). 

The rare earths (except scandium oxide) art' strongly basic oxides: 
boron trioxide B 2 (\ is weakly acidic and aluminium oxide weakly basic, 
but both are amphoteric, as are t he oxides of the other elements of the 
b sub-group, except thallium. Boron forms several volatile hydrides, 
gallium forms a volatile Ga 2 H 6 , aluminium a non-volatile A!H :i , and solid 
hydrides of rare earth (dement s are described. 

The small atomic volumes and the large charges on B" and Al‘*‘ lead 
to the formation of covalent compounds, and the tribal ides of the h 
sub-group except thallium are volatile : aluminium chloride in the 
vapour (except at higher temperatures) exists as A1 2 (J1 6 , and GaClj is 
also largely associated to Ga 2 (-1 6 in the vapour. The trihalides are 
hydrolysed by water. The rare earth chlorides MC1 3 are salt-like, imf 
readily volatile, and not hydrolysed. All the elements (even boron: 
form oxy-salts such as sulphates, but carbonates are formed only by 
rare earths, indium, and univalent thallium. 

Corresponding salts of metals of the two sub-groups are not usually 
isomorphous and crystallise with different numbers of molecules <-! 
water. The sulphates of metals of the b sub-group (except thalh 
|Ulpliate) form alums Me I Me n, (S0 4 ) 2 ,i2H g 0, those of the a Hub-gro»>o 
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form double sulphates MeiMe l 'i(S0 4 ) 2 ,8H 2 0 of a different type. Alumi- 
num is stable in air because of a thin protective oxide him ; the rare 
earth metals and indium are also si, able in air, gallium oxidises only 
slightly but thallium readily in moist air. The rare earth metals oxidise 
pn heating in air. 

. Organo-metallie compounds are formed by all the elements of the 
(b) sub-group, but not bv the rare earths. 

Aluminium 

History. Alum (from which the element aluminium takes its name) was 
known in very early times. Pott (174H) showed that it is derived from a 
peculiar earth alumina, which Marggraf (1751) isolated from clay. That 
alumina is the oxide of a metal was proved by Davy (1808), who isolated the 
impure metal which lie called alum him. A purer metal was obtained by 
Oersted (1824) by heating the amalgam obtained by the action of potassium 
amalgam on aluminium chloride. The pure metal was obtained by Wohler 
in 1827 by the action of potassium on the chloride AKT,. Bunsen (1854) 
prepared it by electrolysis but the first industrial method of preparation, due 
to Deville (1854), depended on the reduction of sodium aluminium chloride 
MaAin 4 by sodium. In 1881) the production of aluminium by the electro- 
lysis of alumina dissolved in fused cryolite was started simultaneously by 
Htiroult in Trance and Hall m America. 

Occurrence. — Aluminium occurs in almost all silicate rocks (felspar, 
augito, hornblende, chlorite, tourmaline and micas) and in the secondary 
formations clay ( Ai 2 0 3 ,2Ni0 2 ,2H 2 0) and slate (clay hardened and lami- 
nated by pressure). The oxide A1 2 0 3 is found either anhydrous as 
corundum , or hydrated as d ia spore A1 2 0 8 ,H 2 0, gibbsite A1 2 0 3 ,3H 2 0 and 
bauxite, a mixture of diaspore and gibbsite in varying proportions. 
Spinel is MgAl 2 0 4 . Felspar KAlSi 3 0 8 or K 2 0,Al 2 0 3 ,6Si0 2 is a consti- 
tuent of primary rocks such as granite, and by their disintegration by 
the combined action of moisture and atmospheric carbon dioxide 
soluble alkali salts and insoluble hydrated aluminium silicate (clay) are 
formed : 

2KAlKi 3 0 H + 2H 8 0 4 (X> 2 -= Al 8 0 3 .2Bi(>,,2H 8 0 +48iO f + K 2 C0 S . 

The quartz crystals and mica scales remain with the fine deposit of clay 
* or kaolin, Al a 0 s ',2Si0 s .2H 2 0. Any iron in the rock is oxidised to ferric 
oxide, which colours the clay yellow or red. The kaolin may be separated 
from the quartz by washing, when the fine particles of clay are carried 
away from the larger pieces of quartz. A pure clay which has been trans- 
ported by water and is more plastic than kaolin or china clay is called ball 
clay. 

Common clay is contaminated with limestone, quartz and oxide of iron ; 
a mixture of clay and limestone is marl , a mixture ol clay and sand is loam • 
Aluminium compounds are not absorbed (except in traces) from soils by 
plants with the exception of mosses, the ash of which is rich in alumina. 
Nearly all clay contains some titanium dioxide TiO g . Cryolite Na„Ali e is 
a semi-transparent minora 1 found only in (JreenJund. 

' «■: ’ 
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Metallurgy of aluminium. — It is not yet possible to produce aluminium 
from clay ; the source of the metal is bauxite , but since this contains 
iron oxide and silica it is first purified to obtain pure alumina. 

In the old process bauxite is heated to redness with sodium carbonate* 
when sodium aluminate NaAlO* is produced, alumina being a feebly acidic 
oxide. The mass is treated with water, forming linely divided oxide of iron 
which can be used for the purification of coal gas (p. 613) and a solution of 
sodium aluminato, from which a granular precipitate of aluminium 
hydroxide is thrown down by carbon dioxide : 

Na./X) :j -f- Al a O, - 2 NhA10 2 + GO* 

2NaAR) 2 OO a t 31LO -Na 2 C0 3 I 2AI(OH) 3 . 

On igniting the precipitate, Al s O a is obtained and the solution of Na a CO s is 
evaporated and used again. 


The British Aluminium Co. at Larne (Ireland) uses the Bayer process. 
The calcined bauxite is digested with caustic soda solution under 
pressure, giving a solution of sodium aluminate and leaving oxide of 
iron which cannot be used for any purpose. The solution of sodium 
aluminate (with some sodium silicate) is agitated with precipitated 
alumina, when nearly all the aluminium in solution is thrown out as a 
sandy precipitate of /5-alumina (which contains some sodium), which is 
easily washed and on calcination yields nearly pure alumina : 

ALO,+2NaOH «2NaA10 a + IU) 

NaAlO* + 2HX) - Al(OH) 3 + NaOH. 

The alumina is then dissolved in fused cryolite (now usually artificial) 
and electrolysed with carbon electrodes. 


The electric furnace consists of an iron box lined with blocks of car- 
bon and made the cathode. The anodes are carbon rods set in a row 



(Fig. 378) about 2 to 3 in. 
above the bottom of the 
trough. The temperature i< 

over 1)00°. 

The alumina is electrolysed : 
the liquid aluminium forms 
a pool below the anodes and 
the- oxygen liberated burns 


the anodes to 00 and (XL 
in about equal volumes. The 
charge is covered with solid 
alumina and fresh alumina 
is added from time to time 
to replace that decomposed. 
The decomposition is indicated by a rise in resistance, the shunted lamp 
brightening. The metal lias a purity of 99 per cent Al, the impurities 
being chiefly iron and silicon. 


Fie. 378.— -Electric furnace for aluminium: 
A. carbon anodes ; 13. carbon lining ; C. cast- 
iron vessel ; D. solid alumina ; E. crust of 
solidified electrolyte ; K molten electrolyte ; 
G. molten inotal ; H. low voltage charge con- 
trol lamp. 


Pure aluminium (99*98 per cent) is made by the Hoopes’ process. A 
liquid aluminium-cop] >er alloy anode is covered with fused cryolite and 
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barium fluoride, floating on which is a cathode of pure molten aluminium. 
Iho very pure metal (lifters in ninny properties from the 09 per cent metal. 

Properties. Aluminium is silver- white when pure, hut usually has 
a blue tinge. It is very ductile and malleable. On account of its small 
density it is used in construction work . it has a high tensile strength 
but is rather soft. I he alloy of aluminium and magnesium is still 
lighter and can he worked easily in a lathe, whilst an alloy of aluminium, 
copper , magnesium and manganese, can he worked hot or cold and 
hardened by quenching in water, the hardness being increased by 
tempering after quenching. Alloys of aluminium with copper are called 
alumni iwn b ronz<\ s* . 

Aluminium is unchanged in pure dry air, a thin transparent protecting 
film of oxide being formed, but it corrodes in impure air. The film is 
removed by rubbing the metal with moist mercuric chloride, producing 
a liquid amalgam to which the oxide cannot adhere, and rapid oxidation 
occurs forming moss-like excrescences of oxide. Amalgamated 
aluminium foil is a useful reducing agent in neutral solutions. Alumi- 
nium foil or powder readily burns with a brilliant flame when heated in 
air. The metal is a good conductor of beat and electricity, being used 
for electric cables : f< >r equal mights it is a better conductor than copper. 
The pomlrr is made b\ stamping pieces of thin sheet in oil and really 
consists of thin Hakes. 

Although only superficially attacked by pure water, aluminium is 
attacked by sea water and solutions of some salts (<?.//. magnesium 
chloride) which remove the oxide film. Dilute or cold concentrated 
sulphuric acid has very little action, and the pure metal is almost 
unattacked by dilute or concent rated nitric acid. Dilute and concen- 
trated hydrochloric acid readily dissolve aluminium with evolution of 
hydrogen : l>.\ 1 + t>H< !l - 2 A Id., < 3H 2 , 

and hot concentrated sulphuric acid attacks it : 

2AJ f (»H 3 S0 4 -A1 o(S() 4 ) 3 »3S0 a 4«H 3 0. 

Aluminium readily dissolves in solnf ions of alkalis, forming aluminates : 

2 A I } 2XaOH +2H 2 () -2NaA10 8 + 3H a . 

These are hydrolysed in solution : 

NaAlO., +2H..0 Al(OH).j + NaOH. 

The great evolution of heat in the combination of aluminium with 
oxygen is utilised in ( .‘nldsehmult \s thermit places# for reducing metallic 
oxides (e.g. O a O ;t , Mnllj) and for the production of molten iron for welding 
broken articles (rails, si tip's parts, etc.) m situ. A mixture of aluminium 
powder and oxide of iron (“smithy scales ) is placed in a crucible and 
ignited by a burning magnesium ware. A violent reaction occurs : 

8A1-+ 3Fe 3 0 4 = 4A1 2 0 3 f 9Ee, 
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and molten iron covered with a layer of molten alumina is formed. The 
iron is tapped from below directly on to the joint to be welded, enclosed in a 
mould of fire-clay and sand. 

Alumtnintitm Compounds 

Halogen compounds. — Compounds of aluminium with all the halogens 
are known. 

Aluminium fluoride A1F ;{ is insoluble in water although aluminium dis- 
solves in hydrofluoric acid ; the fluoride is obtained in crystals by evapo- 
rating the solution. It is not decomposed by alkali solutions but only on 
fusion with sodium carbonate. The mineral cryolite is Na 3 AlF c . An artifi- 
cial cryolite is made by the reaction : 2A1F 3 4 t>NH 4 F 4- 0NaNO 3 2Na 3 AlF 6 
4 - bNH 4 N0 3 in solution. Cryolite is decomposed oil heating with lime: 
Na a AlF, 4- 3CaO ■= 3( ?aF 2 + Na 3 Al( ) ;} . 


Aluminium chloride A1CJ S is prepared anhydrous by heating aluminium 
in chlorine or hydrogen chloride gas : 

2A1 + (iHCl = 2A1C1 3 4- 3H 2 , 

by heating an intimate mixture of alumina and carbon in a current of 
dry chlorine : A l„ 0;) + 3C I 2 + 30 = 2 A1C1., + 300 

2A1„0 :) + (>01 2 + 30 -4A10L, + 300 2 , 


and by heating alumina in a stream of carbonyl chloride or sulphur 
chloride vapour and chlorine : 

A1 A + 3COClo - 2A1C1 S + 3( JO* 

4A1 2 0 3 + 38*01* 4- »C1* - 8AIC1* 4 080,. 

(These are general methods for th<» preparation of metallic chlorides). 
Aluminium oxide alone is slowly decomposed when strongly heated in 
chlorine, oxygen being evolved. 


In tbe laboratory, 10 gin. of aluminium turnings are heated in a hard 
glass tube connected with a bottle (Fig. 379) and a rapid current of chlorine 

dried by sulphuric acid is 
passed over the metal. A 
sublimate of aluminium 
chloride is formed. 


Dry CI2 


Al turnings 


Asbestos 

screen 





Fio. 379. — Preparation of aluminium chloride. 


Crude aluminium chloride 
is now largely used in pet- 
roleum £ ‘ cracking ” and is 
made by passing chlorine 
over a heated mixture of 
bauxite and carbon. 


Anhydrous aluminium chloride is a white crystalline very hygro- 
scopic substance (usually coloured yellow by ferric chloride as impurity ) 
which fumes in moist air. On heating it sublimes at lb3° without pre 
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vious fusion (m. pt. under 2 atm. pressure 193°). The vapour density 
at 350° corresponds approximately with Al 2 (\ hut rapidly falls with 
rise of temperature, until at 750° it corresponds with A101,, then remain- 
ing constant at higher temperatures : A] 2 (\^2A\CL. In organic 
solvents the formula is AKT,. Its ready volatility and solubility in 
organic solvents show that aluminium chloride resembles a covalent 
oompound HC1 3 ) rather than a. salt, hut when fused it- is an electro- 
lyte, 

With a little water aluminium chloride forms a crystalline hydrate 
AlCl a ,6H 2 0, more conveniently prepared by dissolving aluminium or 
soluble alumina in concentrated hydrochloric acid and saturating the 
solution with hydrogen chloride gas. Aluminium chloride is hydrolysed 
in solution ; AlCl ;i + 3H 2 0 AJ(OH) 3 ■+ 3HOI, which can be titrated with 
alkali as if it were free hydrochloric acid. The compound NaAlCl 4 is 
formed when aluminium chloride and sodium chloride are heated in a 
sealed tube. 


Aluminium bromide Alftr* (in. pt. 93°, b. pt- 2(>3 ) is prepared similarly 
to the chloride and has similar properties; it forms a crystal hydrate 
AiBr^OHA). 

Aluminium iodide Ail* (to. pt. 1 Si>°, b. pt. 350 ) is formed by heating 
aluminium and iodine in a scaled tube, or by acting on aluminium with 
iodine dissolved in carbon disulphide. It forms a crystal hydrate A1I 3 ,GH 2 0. 
Aluminium iodide when heated with carbon tetrachloride forms carbon 

tetraiodide : .... tww1I , 

4 ah, i sm. -tAin, t :u!L. 


Aluminium bromide and iodide in the vapour state have the formulae 
ALBr e and AT 2 1 c% but dissociate on boating. 


Aluminium oxide. — Aluminium oxide or alumina Ai 2 0 3 occurs as 
corundum in rhombohedral crystals nearly as hard as diamond ; emery 
is an impure fine-grained variety used in grinding and polishing. 
Corundum when transparent forms a number of gems : oriental topaz 
(yellow), sapphire (blue, due to cobalt or titanium oxides), ruby (red. 
due to chromium oxide), oriental amethyst (violet, due to manganese 
oxide), oriental unmil d (green). (The true emerald is beryllium 
aluminium silicate.) There are two forms of aluminium oxide, stable 
a-Al a 0 3 (corundum, hexagonal-rhombohedral), and y-Al 2 0 3 (cubic) 
stable below 1000 . 

Artificial rubies are produced by dropping powdered alumina containing 
chromium sesquioxide through the cent re of mi oxyhydrogen flame. The 
fused mass ( tb boule ”) is caught on a rod of alumina ; it is not amorphous but 
forms a single crystal which may bo cut. Artificial sapphires are made with 
alumina to which Fo 3 0 4 and Ti0 2 arc added and a reducing flame is used. 

Artificial corundum, used as a refractory and abrasive, is prepared by, 
fusing. bauxite in the electric arc furnace, allowing the impurities to settle, 



810 INORGANIC CHEMISTRY [chap 

cooling, and crushing the upper part. The powder is mixed with a little 
clay and felspar, moulded, dried and Hrod in a porcelain kiln. It differs 
from silica in being a basic refractory. 

Bauxite cement (ciment Jondn) is made by fusing nearly equal weights 
of bauxite and lime. The clinker is finely ground. This cement, unlike 
ordinary cement, resists the action of sea water. 

Aluminium hydroxide. — On adding an alkali to a solution of an 
aluminium salt, e.g. alum, a white gelatinous precipitate of aluminium 
hydroxide is produced, soluble in excess of sodium or pot assium hydroxide 
(forming alum mates) but almost insoluble in dilute ammonia. It is 
amorphous and dries to a glassy solid. 

On heating the hydroxide to dull redness it loses water and forms a 
white powder of alumina. This is also formed by heating ammonia 
alum (p. 816). If it has not been strongly heal ed the alumina is soluble 
in acids, but when ignited it becomes (kaiser and insoluble in acids and 
can be brought into solution only by fusing with sodium hydroxide 
(forming sodium aluminate) or potassium hydrogen sulphate (forming 
aluminium sulphate). 

Apparently some kind of crystalline rearrangement occurs on heating, 
and other oxides, e.g. O 2 0 : „ Ko 2 0 3 , AlgO. TiO.., undergo more or less sudden 
exothermic changes at higher temperatures, increasing in density and be- 
coming insoluble in acids and generally less reactive. In the case of zirconie, 
Zr0 2 , especially, but to a less extent with some of the other oxides, the 
change is accompanied by incandescence. These- changes were observed 
by Berzelius. 

{Several definite hydrates of alumina exist, characterised as a and y 
according as they give* on dehydration a-AI 2 ().j, the hexagonal-rhombo- 
hedral corundum , or y-Al a O :j , a cubic form stable below 1000°. Diaaporc. 
found as a mineral, is a-Al 2 0 2 ,H 2 (), and breaks up into a-AI 2 O ri and wafer 
in steam at 400°. Bdhnute, y-Al 3 0 3 ,H 2 0, is precipitated from boiling 
solution by ammonia and also occurs in bauxite from Los Baux : it is 
the first product of the ageing of an amorphous gel and is stable in steam 
at 400°. Gibbs lie. the most stable form of tri hydrate, y-Al 2 0 3 ,3H 2 0. 
is found as a mineral and is formed from bayorite by long shaking with 
not too dilute alkali at 60°. Bayeriie , y-Al 2 0 ; „3H 2 0, produced from 
bohrnite gel by ageing under dilute alkali, is metastable at room tern 
perature with respect to gibbsite, but is stable w ith respect to bohrnite. 
The compounds (the identity of which is confirmed by X-ray spectral 
appear to be true hydroxides : diaspore and bdhmite, 0-~Ai(0H) , 
gibbsite and bayerite, AJ(0H) s (Lehl, 1936). 

Precipitated aluminium hydroxide readily adsorbs colours and colloid*- 
substances. Hence alum and aluminium salts are largely used as mordent ; ' 
in dyeing and for clarifying water and liquids such as sewage. In mordaie 
ing the alumina is first precipitated in the fabric and the latter dipped im • 
the solution of the dye. In clarification lime-water is added to precipih* 
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alumina. Fabrics are waterproofed by steeping in a solution of aluminium 
acetate and steaming, when colloidal alumina is precipitated in the pores. 

Colloidal aluminium hydroxide is known in two forms, (a) A solution of 
the precipitated hydroxide in aluminium chloride solution gives on 
dialysis a colloidal solution which acts as a mordant, forms lakes with 
dyes, and is coagulated by alkalis and salts, the precipitate being soluble 
in acids (Graham, I SO 1 ) . ( h ) A solution of aluminium acetate kept for 
some time at 100 , the water which evaporates being replaced, loses all 
the acid and a second colloidal variety (m< t a -alu minium hydroxide) is 
formed, which does not iortn lakes or act as a mordant : it is precipitated 
by acids, alkalis, and salts, but the gel is sparingly soluble in acids 
(Crum, 1854). A milky colloidal solution is also formed by the action of 
4 per cent acetic acid on the well-washed precipitated hydroxide. 

Aluminium hydroxide dissolves in acids producing aluminium salts : 

Al(0H) if 4:illCl^Al(1,4;UI 2 0. 

The reaction is reversible and the salts are hydrolysed by water, since 
aluminium hydroxide is a weak base. The hydroxide also dissolves in 
a solution of sodium or potassium hydroxide, producing aluminates, 
which are extensively hydrolysed by water, and it can thus act also as 
a weak acid. The acidic properties are weaker than tin* basic and they 
are caused by hydroxyl groups liberating hydrogen ions : 

Al “ + 30 H ' - -* Al(OH)., ^ ir +H,Al(y ^ IT + A10./ 4H 2 0. 

A substance having both acidic and basic functions in presence of 
strong bases and strong acids, respectively, is called an amphoteric 
electrolyte (or ampholyte). Its salts with strong aeids and strong bases 
are hydrolysed in solution. 

In solution, only meta-aluminates. e.(j. NaA10.», seem to exist, since 
the freezing point of a solution of sodium hydroxide is unaltered by dis- 
solved aluminium hydroxide, so that an OH' ion is replaced by Al() 2 ' : 

OH' i A]«)H), { - A10 2 '+L>fU). 

If solutions of alumina, in acid and alkali, respectively, are mixed, the 
whole of the alumina may be precipitated : 

AT* i -;{A10.>'=-2A1A* 

Solutions of aluminates art* so largely hydrolysed : 

NaA10 3 + 2H 2 0. NaM OH' 4 A1(0H) 3 , 

that they may be titrated with acids as it they wore alkali hydroxides, 
and on standing the alumina is .slow ly deposited. When boiled w r ith 
alumina, most of the aluminium hydroxide is precipitated. 

The mineral Al,MgO« and related compounds, Al:l ! [A r (>d° , where 

n ii n 

X - He (in chrysvben/l), Zn, Ke. Co, Mn, formoih wgnnled us alumina tea. 
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have the aluminium as cation. Ai a Co0 4 is Themrd'a blue, obtained by 
heating alumina with cobalt nitrate (blow-pijx? test). * 

Aluminium peroxide Al a 0 4 (?) mixed with alumina is precipitated by 
adding excess of 30 per cent H 2 0 2 to alumina dissolved in 30 per cent 
potassium hydroxido solution (Terni, 1012). 

Aluminium carbide A1 4 0 3 is a yellow solid formed by heating a mixture 
of alumina and carbon in the electric furnace : 

2Al 2 0 3 + 9r-Al 4 C 3 + (»r0. 

With water or dilute acids it evolves methane (p. 004). Aluminium 
carbonate does not exist, since alumina is a very weak base, and 
aluminium hydroxide is precipitated when a solution of alkali carbonate 
is added to a solution of an aluminium salt : 

2AI - + 3(X)/' +3H 2 0 -2A1(0H) 3 -f 300 2 . 

The basic sodium aluminium carbonate Na(A10)C() J ,H 2 () occurs as the 
mineral da um n i te . 

Aluminium silicates and ceramics.-- Aluminium silicates are found in 
many minerals and in clay, used for making ceramic products (Greek, 
keramos , elav, or a pot) such as bricks, pottery and porcelain. Pun 1 
clay (kadi nit e) Al 2 0*,2Si0 2 ,2H 2 () or |Al 2 0 { ,2Si0 2 | 2 ,3H 2 0, on heating 
loses free and combined water and shrinks, above 1000 J reaction 
occurs with formation of the crystal form of silica called eristobalite 
(p. 639) and mullile 3Al 2 O i ,2Ki() 2 ; at 1500 this sinters to a stony mass 
which at higher temperatures softens and then fuses. 

Clay used in making pottery is washed and the coarse particles allowed 
to settle. The tine Way deposit is mixed w it h ground Hint or felspar and 
excess of water is removed by air drying. It is then highly plastic and 
can be worked on the wheel. The goods are air dried by stacking in 
wanned rooms and then fired in clay boxes calk'd saggars t stacked in a 
kiln. The product, which has undergone shrinkage, is called biscuit. 

The plasticity of a clay depends on the state of hydration, fineness of the 
particles and content of organic matter ; on baking a plastic clay tends to 
shrink and crack, so that some non -shrinking material such as calcined clay, 
bone ash, or ground flint is added to prevent tins. For coarse earthenware, 
clay only is used. 

Bricks are made from impure clay containing sand and oxide of iron 
which gives them a red colour after firing at about 950°. The yellow 
bricks used in the South of England arc made from mixtures of clay and 
chalk. 

Sand-lime bricks are not made from (‘lay but from a mixture of sand and 
slaked lime made to a papte with water, mouldod and heated in steam til 
125 lb. pressure ; calcium silicate FuSi() 3 is formed and cements the sand 
particles together^ Refractory silica bricks are mtido from crushed quart 
Or ganister (silica rock) bonded with 2 per cent of lime (see p. 662). 
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Pvrer clay is used for ‘earthenware which is fired at a higher tempera- 
ture than bricks : the presence of ferric oxide produces a huff- coloured 
or red product. 1 or (da in is made from a mixture of the purest 
china-clay or kaolin free from iron, with ground felspar and quartz. 
It is fired at about 900°, then the glaze is put on and the goods 
are fired at a bluish-white heat (1300 1500°). The temperature 

is regulated by pyrometers, or by .small el a v cones (Seger cones) 
which soften and bend over at part icular temperatures in the furnace. 
The mass undergoes partial fusion and the product is translucent. 
English hone china contains 30 to 50 per cent of bone-ash (calcium 
phosphate). 

Clay containing much silica and alumina in comparison with basic 
oxides (IS^O, OaO) is very refractory, and is called fireclay (e.g. Stour- 
bridge clay). This is made into crucibles and refractory bricks and to 
prevent undue contraction on tiring, broken firebricks (“ grog ”) are 
added to the clay before heating. 

The clay after firing forms the body, biscuit if porcelain clay is used, 
otherwise earthenware The glair is a glassy surface imparted to the 
body and intimately united with it. Earthenware drain pipes and 
cheaper goods are salt-ghrjd • common salt is thrown into the kiln and 
vaporises at the high temperature, forming a thin layer of fusible 
silicate on the surface of the ware. Salt-glazed ware is suitable for 
containing acids. Table-ware is usually lead -glazed ; it is dipped into a 
creamy paste of a mixture of lead oxide, clay and ground flint. Some 
of this adheres to the surface and is fused in the furnace to a glass. 
Porcelain glaze is applied by dipping and re-firing at a higher tempera- 
ture than in making the biscuit ; the glaze may he ground felspar, 
quartz and kaolin. In making eheapei earthenware the glaze is put on 
before firing. 

The ware may be /Minted before glazing or some colours are applied 
on the glaze ; the colours arc metallic oxides (e.g. cobalt oxide) which 
form coloured glasses with the glaze or with load oxide and silica, or 
borax, mixed with the 1 colouring oxide. 

Ultramarine.- -The blue mineral lapis lazuli is a sodium aluminium 
silicate containing sulphur in some form not completely defined but 
probably as sodium sulphide, in lS2fi Gluimet obtained artificial lapis 
lazuli or ultramarine. 

A mixture of kaolin, soda-ash or sodium sulphate, sulphur, and resin or 
wood charcoal is heated to redness m a closed crucible. A white ultramarine 
is formed in complete absence of air. but usually w r hen air is admitted 
during heating a green ultramarine is formed. If this or white ultramarine 
is mixed with powdered sulphur and heated in air, the commercial blue 
ultramarine is formed, which is ground and washed. If this is heated in a 
stream of dry chlorine, nitric oxide, or hydrogen chloride, a violet and 
finally a red, ultramarine result. 

The sodium may he replaced by the equivalent of silver by treatment with 
silver nitrate and a yellow silver ultramarine is formed. From this, by the 
action of potassium and lithium chlorides, potassium and lithium ultra- 
brines are formed. 
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The composition of blue ultramarine was given by Hoffmann (1873j 
as Na 7 S 2 Al 6 Si 6 0 24 . X-ray examination suggests a body-centred 
cubic lattice, the unit cube containing Al fi Si 6 0 24 . The structure 
contains large holes and channels accommodating sodium ions and 
sulphur perhaps in the form of disulphide ions S— -S". 

Alkalis are without action on ultramarine, so that it can be used in 
laundering to give a white appearance to linen, as it is not attacked by 
soap or soda. Acids, however, rapidly decompose it forming hydrogen 
sulphide and a white gelatinous residue. 

Aluminium nitride AIN is formed by heating aluminium powder in 
nitrogen at 740 ' ; it is decomposed by hot dilute alkali : 

AIN f 3H s O-Al(OH),+ NH S . 

The formation of aluminium nitride by heating a mixture of bauxite am I 
carbon in nitrogen at JOOO .* Al s O a N a +- 3C-- 2AJN -} 3CO t and its de- 
composition by hot dilute alkali wore proposed by Serpek for the utilisation 
of atmospheric nitrogen, but the process does not seem to bo used. 

Aluminium nitrate A1(N0 <{ ).,,9H 2 0 is a deliquescent salt prepared bv 
dissolving precipitated aluminium hydroxide in dilute* nitric acid, 
evaporating and cryst allising. It decomposes on heating, alumina being 
formed. It is used as a mordant and for adding to thorium oxide in 
making gas mantles. 

Aluminium phosphide A IP is formed by heating aluminium powder and 
red phosphorus ; it is decomposed by water with evolution of phosphine. 

Aluminium phosphate A1P() 4 is formed as a gelatinous precipitate by 
adding a neutral solution of an aluminium salt to sodium phosphate 
solution ; it is soluble in mineral acids, alkalis and ammonia. A basic 
aluminium phosphate (A10H) :l (P0 4 ) 2 ,5H 2 0 is the mineral tmvellitc. 
Turquoiw is Al 2 (0H) ;i P0 4 ,H 2 0 with part of the Al 2 replaced by Citl 1 
and FcjJ 1 (causing the blue colour) and OaJ*. 

Aluminium sulphide A1 8 S 3 is formed by adding sulphur to fused alu- 
minium, or by passing sulphur or carbon disulphide vapour over a 

strongly- heated mixture of alumina and carbon: A1 2 0 ;4 + 30 + 3N - 
A1 3 S 3 + 3C0. When pure it is yellow. It is completely hydrolysed b\ 
water : 

ALS ;i + OH./) - 2Al(OH ) s + 3M 2 S, 

and only aluminium hydroxide is precipitated when ammonium sulphur 
is added to a solution of an aluminium salt : 

Al- * + 3HS' + 3H 2 0 « Al(0H) a + 3H 2 S. 

Aluminium sulphate A1 2 (S0 4 ) ; , occurs native as hair salt or feat it > 
alum ; basic aluminium sulphate A1 2 (0H) 4 S0 4 ,7H 2 0 is webMerite. 
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If alumina is dissolved in hot concentrated sulphuric acid, the liquid 
on cooling slowly deposits an indistinctly crystalline mass of hydrated 
aluminium sulphate A1 2 (N0 4 ) 3 , 1(>H 2 0. This is purified bv redis- 
solving in a little water and adding alcohol, when an oily supersaturated 
solution separates, which soon solidifies to lustrous scaly crystals. On 
heating, the crystals intumosee and lose water, leaving a white mass of 
anhydrous aluminium sulphate, which decomposes at 8<MT : 

AL(S0 4 ), t A1 2 0 { kTSO.,. 

Impure aluminium sulphate is made by healing kaolin (clay) with 
concentrated sulphuric acid, or bauxite xv it h diluted sulphuric acid. In 
the first case silica separates : 

A1 ./).>, 2SiO L „2 H 2 () t :nJ,S0 4 -Al 2 hS() 1 ) ;+ L>Si0 2 +f)Il 2 0. 

The settled solution is evaporated and the crystals pressed. The product 
may contain a considerable amount of ferric sulphate (especially if bauxite 
is used) which, although it does not form mixed crystals with aluminium 
sulphate, cannot bo separated from it b\ crystallisation. The crude mix- 
ture, known as alumina fena\ i-. used for the precipitation of colloidal 
matter from sewage, ff the ferric is reduced to a ferrous salt, say by 
hydrogen sulphide, the aluminium sulphate may he crystallised out 
alone. 

Alums. - -The double salts of aluminium sulphate and potassium and 
ammonium sulphates are common }iota**ium alum K 2 S0 4 ,AL(S0 4 ) ;J , 
24ILO or KAHSOjJoJlTLO, and ammonium alum (XH 4 ) 2 S() 4 ,A1 2 (H0 4 ) 3 , 
24H 2 0 or (NH dAlfSOjL.l^lijjO, respectively. They readily crystal- 
lise in oclahedra (aluminium sulphate does not easily crystallise). 

Alum is made from alum, shale, /V. aluminium silicate permeated by 
pyrites Fe8.>, which on roasting in heaps forms nluminmm sulphate. The 
roasted shale is lixiviated (or, if necev-urv, boiled with sulphuric acid) and 
after evaporation either iiminniimm <>r potassium sulptiatc or chloride is 
added, when alum is deposited. IMadi alum is prepared from al anile or 
alum-stone K. <5 S0 1 ,;{ALS0 1 (<-)H ),, In roasting with fuel, exposing to air, 
lixiviating and crystallising : 

K.SO^TALSOjiOH), K >SO,.A! ,(S() 4 ), -2Al 2 () a f 0H*O. 

Alum is made by adding potassium or ammonium sulphate to a 
solution of aluminoferrie. Since alum is readily purified by reery stall isa- 
tion it may hi' obtained free from iron (w hich gives dull colours to lakes 
in mordanting) much more readily than aluminium sulphate*. Alum 
prepared from alunite, called Raman alum , although pink from the 
presence of ferric oxide, is quite free from soluble iron. 

Potassium alum when heated melts and loses the whole of its water 
at 200°, forming a white porous mass of burnt alum. Above a red heat 
the aluminium^ sulphate decomposes. Ammonium alum melts on 
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heating, loses ammonia and sulphuric acid and at a higher tempera- 
ture leaves a residue of pure alumina : 

(NH 4 ) 2 S0 4 ,A1 2 (80 4 )„24H 2 0 -2NH 3 + 4H 2 S0 4 + Al a 0 3 + 21H*0. 

The name alum is given to all double-salts of the type 

i m 1 m 

M 4 S0*,lt s (S0 4 ) a ,24H t O or MR(K0 4 ) 2 ,12H a 0. 

i i 

M may be Li, Na, K, NH 4 , Rb, Cs,(Ag ?), Tl, hydroxy la minium (NH 4 0), 

or the radical of a quaternary nitrogen base, such as N(CH 3 ) 4 . 

in m in m m in m iu nr m m in 

R may be Al, Fo, Cr, Mn, Tr, Ga, In, Ti, V, Co, Rh. Hare-earths do not 
form alums. The solenate radical Se0 4 may replace S0 4 . The alums are 
not stable complex compounds, since iri solution they give the ions of the 
component salts. All the alums arc isomorphous, form mixed crystals in all 
proportions and also layer-crystals, i.c. a crystal of any one nJum continues 
to grow in a solution of any other. The sodium alum is very soluble and its 
preparation is difficult ; lithium alum crystallises only below O' 5 : rubidium 
and caesium alums are sparingly soluble. 

An interesting compound is aluminium acetylaeetone AlAe 3 , where 
Ac- - 0-(CHj)C : <JH.C(rH;)) O , which is attached by one covalent 
bond and one co-ordinate linkage (p. 418). It is a neutral volatile com- 
pound with the normal vapour density. Similar compounds are formed 
with other elements but some are salts : 

[NaAe] t Be Ac 2 J |RAo 2 ]X f AIAc a ] [SiAc a JX |ThAc 4 J. 

The atomic weight of aluminium has been found from t he ratio AlHr s : 3AgRr. 
The valency has been found from the atomic beat of aluminium and the 
vapour density of aluminium chloride above 750 , the vapour density of 
aluminium acetylaeetone, and the molecular weight of Alt % in solution in 
pyridine. 

Galltum 

The rare element gallium occurs in minute traces in most specimens of 
zinc blende, and was discovered by the spectroscope in a blend© from 
Pierrefitte by Lecoq do Boisbaudran in 1875. ft is the eJca-altindnium of 
Mendeleeff. Gallium occurs in traces in bauxite, in commercial aluminium, 
in the residues of zinc distillation, and in some coal ash. It is extracted 
from the by-products of tho Mansfeld copper schists. Middles borough cast- 
iron contains 1 part of gallium in 33,000. Gallium molts at 29*75° and re- 
mains supercooled, so that it is often liquid at room temperature. 

Gallium forms a volatile hydride (Jail.*, The element is normally ter 
valent, but sometimes is apparently bivalent, as in GaCl 2 , which may be 
GaI[Ga 1IJ Cl t |, and GaS, and it is univalent in Ga a O and Ga a S. 

Gallium trichloride GaCl 3 (associated in the vapour to Ga/'k) is made by 
burning the metal in chlorine, and can be extracted from solution in hydro* 
chloric acid by ether. Alkalis precipitate a solution as gallium hydroxide 
Ga(OH which is amphoteric like alumina. The white gallium oxide 0a 2 0 
is formed by burning the metal in oxygen. Tho yellow gallium sulphide 
Qa 2 S 3 is formed by heating the metal in sulphur vapour and is 
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■decomposed by water. Gallium sulphate <:a 2 (S0 4 ) 3 ,16H 2 0 readily forms 
alums. No carbonate is known, the hydroxide being precipitated. The 
dark grey gallium nitride (laN, formed by boating the metal in ammonia 
gas, is s&able to air, water, and dilute acids. 


Indium 

Indium was discovered by Reich and Kiehter (1863) in the spectro- 
scopie examination of zinc blende from Freiburg. It gives a dark-blue 
flame coloration. It occurs in all commercial tin; the Bolivian mineral 
cyhndrite contains 0*1-1 0 per cent. Flic metal is precipitated from solution 
by asinc and is purified electrolytieally. It is soft and is not attacked bv air 
or boiling water, and has been lists 1 f< >r plating silver. 1 1 burns when boated 
in air to the yellow indium oxide In A** which is easily reduced to the metal. 
Indium dissolves in cold concent rated sulphuric or hydrochloric acid, and in 
alkalis, with evolution of hydrogen. 

Indium is normally torn* lent but forms three chlorides, InCI, InCl 2 
(perhaps Tifl(Irfl^CI 4 )) and In('l 4 . Indium trichloride is formed by burning 
the metal in chlorine ; when heated with the metal it forms InfR and TnOl. 
The gelatinous indium hydroxide ln(()H ) 3 is precipitated by ammonia or alkali 
hydroxides and is soluble in excess of alkali hydroxide, but the solution 
8oon becomes turbid. Indium sulphate Iij a (S(> 4 ) a forms alums; indium 
carbonate In 8 (C ( () 3 ) ; , is precipitated, with some hydroxide, by alkali carbonate. 


Thallium 

In 1861 Crookes observed a bright-green line in the spectrum of a speci- 
men of flue dust from a vitriol works, which h<' regarded as due to the pre- 
sence of a new metal, 'The element was independently discovered, and first 
isolated in quantity, by Lamy in 1862. Crookes gave it the name thallium 
from the Crook thullos , a young twig, on account of the colour imparted to 
the flame. The only minerals rich in thallium are cronkenite (17 per cent 
Tl, with Se, Cu, Ag), and (ora tu life T1AkS 2 . 

Thallium may be obtained from vitriol flue-dust- or from pyrites (from 
which it passes into the flue-dust ) by dissolving in aqua rcqia, evaporating, 
precipitating with hydrogen sulphide and t hen ammonia in the usual group 
separations, and then adding potassium iodide to the filtrate. A yellow 
precipitate of thallmis iodide Til is formed which gives a green coloration 
when heated on plat inum wire in a Bunsen flame. If this is reduced with 
fcine and dilute sulphuric acid the metal is obtained. Tluil Ions chloride 
TiCl is reduced by fusing with sodium carbonate and potassium cyanide. 
Thallium is a soft grey isii-w Into metal, m. pt. 303*f> : its vapour density 
corresponds with the formula Tl. It oxidises in moist air, decomposes 
steam at a red heat., and dissolves readily in dilute sulphuric acid and 
especially in nitric acid. It is less easily soluble in hydrochloric acid, since 
t. hall oils chloride TiCl is sparingly soluble. Thallium compounds are very 
poisonous and thallous sulphate has been used in exterminating ants. 

Thallium forms two series ol compounds : the thallous compounds T1X 
in which it is univalent and shows analogies with silver and the alkali- 
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metals, and the thallie compounds TIX 3 in which it is ter valent and has 
resemblances to aluminium and ferric iron. Thallous iodide Til resembles 
lead iodide J?bl 2 . The thallie compounds are essentially covalent. 

If thallium is dissolved in dilute sulphuric acid and the solution evapo- 
rated, thallous sulphate Tl 2 S0 4t isomorphous with potassium sulphate and 
forming an alum T1 2 S0 4 ,A1 2 (S0 4 ) 3 ,24H 2 0, is obtained. From its solution 
hydrochloric acid precipitates whito thallous chloride T1C1, resembling silver 
chloride in becoming violet on exposure to light, but differing from silver 
chloride in being sparingly soluble in ammonia. With chloroplatinic acid 
a sparingly soluble chloroplatinate TJ 2 PtCl b , resembling K a PtC) tt , is formed. 
Iodides precipitate yellow thallous iodide Til. almost insoluble in cold water 
but dissolving in 830 parts of boiling water. 

Thallous hydroxide TlOH is obtained in yellow needles by decomposing 
a solution of thallous sulphate with baryta-water, filtering, and evaporating. 
The solution is alkaline and turns turmeric paper brown, but then bleaches 
it. If heated out of contact with air at i 00° TlOH forms black thallous 
oxide T1 2 0, dissolving in water to form a colourless solution of TlOH. 

Hydrogen sulphide gives a black precipitate of thallous sulphide T1 2 S 
from alkaline solutions of thallous salts. It is soluble in dilute acids (except 
acetic) but insoluble in ammonium sulphide. Thallous hydroxide solution 
absorbs carbon dioxide forming the soluble thallous carbonate, T1 2 C0 3 , the 
solution of which is hydrolysed. 

Thallie chloride, TlCJj, UkO, is formed by passing chlorine into thallous 
chloride suspended in water, and evaporating at tiO 

On addition of bromine and alkali to a solution of thallous hydroxide a 
brown precipitate of thallie hydroxide Tl( OH). „ or TIO(OH), is formed which 
loses water on heating and forms reddish-brown thallie oxide, T1 2 0 3 . This 
dissolves in concentrated hydrochloric acid and forms thallie chloride Tit 
(Berry, 1922). 

Thallie sulphide T1 2 S„ is a black pitch -like mass obtained by fusing 
thallium with excess of sulphur. Thallie sulphate T1 2 (S() 4 ) 3 ,7H 2 0 is formed 
by dissolving thallie oxide in dilute sulphuric acid ; it is decomposed by 
water with precipitation of a basic salt Tl(0H)S() t .2H 2 0 and forms with 
potassium sulphate a compound K^S0 4 ,TL(tt0 4 ).,SH 2 0, which is not a true 
alum. 

An oxide T1 3 0 5 , is said to be deposited on the anodo in the electrolysis of n 
solution of TI 2 S0 4 faintly acidified with oxalic acid. A yellow crystalline* 
thallium sesquichloride T1 2 C! 3 is formed by heating thallium with riitros\i 
chloride. The splendid black crystalline thallium tri-iodide Til 3 , formed by 
digesting Til with a solution of iodine m alcohol and evaporating, is a 
thallous poly-iodide TIIT 2 , isomorphous with KbJ 3 and Csl 3 , and not a 
thallie compound. 

In its analogies to the alkali -metals, load, aluminium, ferric iron, and 
gold, thallium shows a great diversity of properties : Dumas appropriate!; 
called it the “ oniithorhynehus amongst the metals — the duckbill 
platypus. Thallium is used to a limited extent in the production of a von 
refractive optical glass, obtained by fusing the carbonate with sand a n< ! 
red lead. 
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The Rare Earths. 

Tho substances known as the rare earths are the basic oxides of 
metals ♦which all belong to the third group in the periodic table. 
Their general formula is M 2 () ;j ; the most stable cerium oxide, however, 
is Ce0 2 , there are oxides 1V0 2 , Pr^ (or ]V,.O n ), and Tb 4 0 7 , and 
several compounds in which ran* earth metals are bivalent. They 
occur in rare minerals found in Scandinavia, Siberia, Greenland, the 
United States, and Brazil, usually in the form of silicates. Not only 
are some of these elements present in small amounts in the crust of the 
earth, but they occur mostly in a few special localities. Their com- 
pounds, until the, discovery of the monazite deposit* of India, Brazil 
and Carolina, were in the hands of a small number of chemists. The 
properties of many members of this group of elements are imperfectly 
known, in addition the elements are separated only with great difficulty. 

Crookes concluded m 1887 (hat the run’s earths might contain mixtures 
of closely relatod elements, the atomic weights of which wore very near 
together. He called these meta-elements mid supposed that many of tho 
ordinary chemical elements might be of similar constitution. Improved 
methods of separation of the ram earths have not confirmed Crookes’s 
hypothesis. 

As an example of tho difficulties encountered in tins branch of chemistry, 
reference may be made fo the separation of an earth called “didymia," 
regarded as a pure substance, into samaria arid didymia by Leeoq de 
Boisbaudran (1879), and the resolution of didymia into two earths neo- 
dymia and prasoodymia by Auer von Wolxbaeh (188,7). Tho “ didymium " 
salts were colourless but m solution showed absorption bands in the green 
and red. By repeated crystallisation of tho double Na and NI1 4 nitrates 
from nitric acid two fractions wore obtained, one green (praseodymium 
salt) and the other rose-coloured (neodymium salt), showing separately the 
two parts of the absorption spectrum of the original substance. Tho colours 
are complementary and the nuxt ure, as in t he ease of a mixture of cobalt and 
nickel salts, is colourless. Since neodynna and prasoodymia. nearly always 
occur with the other earths, the absorption bands in the spectrum, even of 
light reflected from the sand or native earth, is an indication of the presence 
of rare earths. 

Tho rare earths often show \ cry beautiful phosphorescence effects on 
exposure to cathode rays in vacuum tubes, and the phosphorescence spectra 
w r ere studied by Crookes, it has been found, however, that tho pure earths 
are not phosphorescent but show the effect only m presence of small 
amounts of impurit ies. 

Rare earth minerals.-— Minerals containing the rare earths occur in 
relatively few localities and each mineral usually contains a number of 
the earths, and sometimes niobium and tantalum (Group A ) elements, as 
well as titanium, zirconium, and thorium (Group IV elements).. Conte 
contains lanthanum, praseodymium, neodymium and samarium, in 
addition to cerium and traces of other earths ; gad ol mite contains 
chiefly yttrium, erbium, etc., with only small amounts of cerium and 

lanthanum. 
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8ome of the best known minerals are ; cerite H 3 (Ca,Fe)Ce 3 Si 3 0 13 , orthite 
A10HCa i! (Al,Fe,Ce) 2 (8i0 4 )3, gadolinitc (Fe,Be) 2 Y 2 Si a O 10 , xmotime YP0 4 , 
fergusonite YNb0 4 , Australian fergusonits YTa0 4 , euxenite, polycras, 
blomstrandiie, and priori le. containing also Nb, Ta, and Ti ,* smkarskitc, 
containing also U, Th, Nh. Ta ; and yttrolantaliUi , Y 4 (Ta 2 0 7 ) 3 , An im- 
portant source of cerium and lanthanum is monazile (p 846). 

The rare earths are usually divided into two groups : 

I. Cerite earths : oxides of lanthanum, cerium, praseodymium, neo- 
dymium, samarium and europium. (Promethium, atomic number 61, in 
the group is an artificial element). 

It. Qadolinite earths : oxides of scandium, yttrium, gadolinium, terbium, 
dysprosium, holimum, erbium, thulium, ytterbium and lutecium. 

Separation of rare earths. — The rare earth elements resemble one 
another very closely and are very difficult to separate. They are precipi- 
tated by oxalic acid in ac\d solution, and the oxides are formed by heat- 
ing the oxalates. The principal methods of separation comprise : 

(1) Fractional decomposition of the nitrates by heat. 

(2) Fractional precipitation with bases. 

(3) Fractional crystallisation of salts and double salts with ammonium 
nitrate, bismuth nitrate, etc. (the usual method). 

(4) Fractional precipitation of salt's with oxalic acid, succinic acid, 
potassium stearate, etc. 

A fractional crystallisation is represented diagrammatically by Fig. 380. 
A large quantity of solution is allowed to crystallise and six (say) crops of 

crystals are removed in suc- 
cession, represented by the 
top row of black dots, leav- 
ing a mother-liquor repre- 
sented by S 4 . Each crop is 
now reorystallised, giving a 
solid and a mother- liquor 
represented by dots and 
circles on the second line. 

The mother-liquor from 
crop 1 is combined with the 
crystals from crop 2, the 
mother-liquor from crop 2 
with the crystals from crop 
3, and so on. The solu- 
tions so formed are again 
allowed to crystallise and 
the fractions of the third row are obtained, and so the process goes on. 
In the separation of ytterbium and lutecium, Urbain used 15,000 crystal - 
; Hsations. 

(5) By ion-exchange, using a cation-absorbing resin with acidic 
groups (p. 185). The solution is passed down a column packed with 
granules of the resin, and the rare earths are removed in the top layers 
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Fig. 380. — Diagram illustrating separation 
of rare earths. 
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A solution of ammonium citrate and citric acid is then passed down 
The rare earths are selectively removed and the solution flowing from 
the column contains them in succession. A very complete separation 
can be made in this way. 

The progress of the separation may be controlled by the examination 
of the flame,, arc, spark, absorption, and X-ray spectra, and the rare 
earth compounds. usually give pronounced and characteristic lines and 
bands, many being coloured. The X-ray spectra are particularly 
important in having settled the number and individuality of the rare 
earth elements. 

Chemical properties of the rare earths. — The rare earths occupy a 
place between the strongly basic alkaline earths and weakly basic 
alumina, the least basic being scandium oxide and the most basic lan- 
thanum oxide, which absorbs carbon dioxide from the air. The salts 
are not usually hydrolysed in solution. Some salts and oxides are 
coloured. 

The colours of salts are : 

(a) Ce IV orange, Pr green. Nd red-vioiet, Sm topaz-yellow, Eu pale rose. 

(b) Dy bright green. Ho rose. Er deep rose, Tin bluish -green. 

Salts of other rare earth elements are colourless. Traces of a coloured oxide 
may give an intense colour to a white oxide : 1-5 per cent of terbium oxide 
renders gadolinium oxide ochre-brown. 

The metals are obtained by the electrolysis of the chlorides, or by 
heating the chlorides with alkali metals (Klemm and Bommer, 1937). 
They are yellowish-white, brilliant and fairly resistant in air. On 
heating they absorb hydrogen or nitrogen, forming hydrides ( e.g . LaH s ) 
or nitrides (e.g. LaN). Metallic cerium mixed with lanthanum and 
Other rare earth metals is obtained by the electrolysis of the chlorides 
of the metals in the residues from the extraction of thorium from 
monazite (p. 840). Tbe mixture, called “ mixed metal,” is used in alloy 
with iron in automatic lighters, since when abraded it throws off showers 
of hot sparks which will kindle coal gas or petrol vapour. 

The hydroxides are precipitated by alkali and are insoluble in excess : 
lanthanum hydroxide turns moist red litmus paper blue and (also the 
oxide) absorbs carbon dioxide from the air. The oxides, generally M 2 0 8 „ 
are obtained by heating the nitrates, hydroxides or oxalates in air. 
They are mostly amorphous and dissolve in dilute acids even after 
ignition. On addition of hydrogen peroxide and alkali, peroxide hydrates 
(HOJaM-O-OH are precipitated from solutions of the salts. 

The anhydrous chlorides MC1 3 are obtained by heating the oxides in a 
stream of chlorine mixed with carbonyl chloride or sulphur chloride 
vapour. They are non* volatile and soluble in water, alcohol and pyri- 
dine. Lower chlorides (reducing agents) are 8mCl 2 , EuC1 2 and YbCl 2 . 
The sulphides M 2 S 3 (also La 2 S 4 and Pr 2 S 4 ) are hydrolysed by water and 
are prepared by dry methods, e.g. heating the anhydrous sulphates m 
hydrogen sulphide. The sulphates M 2 (S0 4 ) 3 do not form alums ; those 
of the gadolinite earths usually crystallise with 8H 2 0. The nitrates 
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M(N0 8 ) 3 usually crystallise with 6H 2 0 and are isomorphous with bis- 
muth nitrate. Since the rare earths (except scandium oxide) are fairly 
strong bases they form normal carbonates M 2 (C0 3 ) 3 . 

Cerium forms two series of compounds, the cerous CeX 3 and ceric CeX 4 . 
The cerous salts are stable and colourless, usually similar in composition 
to and isomorphous with the corresponding compounds of other rare earth 
elements. Cerium dioxide CeO t , the stable oxide, contains quadrivalent 
cerium, and cerous oxide 0e 2 O 8 is obtained by reduction of the dioxide with 
calcium. Cerous hydroxide Ce(OH) 3 is formed as a white precipitate on 
addition of alkali to solutions of cerous salts but is rapidly oxidised by air, 
becoming red and violet and finally pure yellow when ceric hydroxide 
Ce(OH) 4 is produced. 

Cerium dioxide is a white powder with a faint yellow tinge if traces of 
praseodymium are present, and the commercial oxide is usually yellowish- 
brown. It is used in gas mantles (p. 846). A yellow solution of ceric 
sulphate Ce(KG 4 ) 2 , made by dissolving CV0 2 in sulphuric acid, is an oxidising 
agent and is used in volumetric analysis. 

Atomic structure of rare earth elements.- The peculiar position of the 
rare earth elements in the Periodic Table and their chemical properties were 
explained by Bohr on the assumption that the 4 J quantum level is empty 
as far as lanthanum, the electrons going into the higher levels 5.v, 5p, fx/ ami 
6s by preference, since some of these represent low er energies (p. 43 1 ). Only 
when these are partly filled does the 4/ level begin to till up, and as this 
requires 14 electrons to complete the group of 32 in all the 4 -quantum 
levels, there will be if> rare earth elements from lanthanum to lutecium, 
inclusive. Each has the same external electron configuration and hence 


At. no. 

Ele- 

ment 

Numbers of elect r 

ms 

Colours 

of 

M“ ion 

Valencies 

/x* for 
M“* 

4/ 

5.s‘ 

5p 

5 d 

57 

La 

0 

2 

6 

1 

2 

0 

3 

0 

58 

C’e 

J 

2 

6 

1 

2 

0 

3, 4 

2 -CO 

59 

Pr 

2 

2 

6 

1 

2 

green 

3, 4 

3 '61 

60 

Nd 

3 

2 

6 

1 

2 

re< l 

3, 4? 

3-66 

61 

I'm 

4 

2 

6 

1 

2 

— 
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Sin 

5 

2 

6 

1 

2 

yellow 

2,3 

1 55 

63 

Ku 

6 

2 

6 

1 

2 

red 

2, 3 

34 

64 

(id 

7 

2 

6 

J 

i 2 

0 

; 3 

7 9 

65 

Tb 
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2 

6 

1 


| 0 ; 

3, 4 

9/ 

66 

Dy 

9 i 

1 2 

6 

1 

1 2 

i yellow 
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100 

67 

Ho 

10 

2 

6 

1 

j 2 

i orange* 

3 

KM) 

68 

Er 

J1 

2 

(i 

J 

2 

red 

3 

9*6 

69 

Tm 

12 

2 

6 

1 

2 

green 

3 

7-6 

70 

Yb 

13 

2 

6 

1 

2 

0 

2,3 

4-5 

71 

Lu 

14 

2 

6 

J 1 

2 

0 

3 

0 

, 72 

JTf 

14 

2 

6 

2 

2 

0(M,+) 

4 

0(M<<) 
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very similar chemical properties, and the atoms differ only in the nuclei and 
the number of electrons in the deep inner 4-quantum level, [n hafnium the 
r )(l level contains two electrons which, with the two electrons in the (is level, 
make it quadrivalent, so that it belongs to <h*oup IV. 

Owing to the incomplete inner 4/ levels from La to Yb, the rare earth 
compounds are (i) often coloured and (n) paramagnetic, and they are 
transitional elements in the wider sense. The ions Sc r+l , Y •■»■+, La ^ M , 
Ce +++ " f and Lu 1 1 1 are diamagnetic-, since t hey eil her have no 4 /e leetrons, or 
in the case of Lu* ++ , a complete 4/ group. Ln Ce + 1 1 + the single, 4/ electron 
has functioned as a valency elect ron and has been removed. The ions from 
Ce*++ to Yb-* ■*+ have 4 / electrons and are paramagnetic. In the table, p* 
gives the effective para magnetic moment of 1 he tervalent ion. The “active” 
electrons in the 4/ levels are partly screened by the completed os and 5 p 
levels, and except in the case ol cerium do not function as valency electrons. 
The so-called lanthanide contraction is shown by the radii in A. of the 
3- valent ions : 

Sc 0-83 Y 100. 

La 1*22 Ce M8 Pr MO Nd 1 15 Srn M3 Eu 113. 

Od Ml Tb 109 Dy 1 07 Ih> I -Of, Er 104 Trn 104 Yb 1 00 Lu 099. 

With Sc and Y (non -lanthanide) there is an expansion of 0 23A, whilst in 
passing from La to Lu (lanthanide) there is a total contraction, of 0-23A. The 
introduction of an electron into the 4/ level, deep within the atom, pro- 
duces only a negligible effect, whilst the increasing nuclear charge exerts 
an increasing attraction on the outer valency electrons (the same in all the 
elements from La to Lu) and hence gives rise to a contraction. 

Element No. 01 is a member of the rare earth group but does not seem 
to occur naturally. It is formed by neutron bombardment of neodymium 
and has been called promethium, Pin : 

'aoNil ^Nd^JiPm t/3- 

It has been obtained in milligram amounts as part of the fission product of 
uranium which contains the ran* earths. 


Actinium 

This is a natural radioact i ve element derived ultimately from the uranium 
isotope * 3 *U and directly by a-rav change from protouctmium (p. 402). 
Milligram amounts have been made artificially by neutron irradiation of 
radium : 


22f, > 


Actinium undergoes a branch -change dismtegrat ion, most of it forming 
radioactinium by a /3-ray change as shown on p. 402 but about 1 per cent 
undergoes a -ray change to form francium (p. 710). Actinium forms an 
emanation, the first product of the decay of which is actinium A. This 
undergoes a branch change, nearly all ol it forming actinium B, but a very 
minute amount forms astatine, a seventh group element : 

«^AcB\0 



CHAPTER XLII 
GROUP IV METALS 

The fourth group contains two non-metals, carbon and silicon, and 
seven metals. 

Sub-Group b (Odd Series) 

C Hi Co Sn Pb 

Atomic number - - 0 14 32 50 32 


Electron configuration 

24 

2-84 

2-8-184 2-8-18-184 

2-8- 18*32* 


T)iam. Graph. 


11*34 

Density 

3-52 22 

f> 249 

5-35 7-3 

Atomic volume - 

34 5-3 

114 

1 341 Mi-3 

18*27 

Melting point 

3500 

1420" 

05X-5" 231-84' 

3274 

Boiling point 

42o<r 

2000 

2700' 22(10'’ 

1620" 


Sub-Group a (Even Series) 



Ti 

Zr 

Hf 

Th 

Atomic number 

22 

40 

72 

90 

Electron configuration 

2*8*10*2 

2-8-18-JO-2 2-8- 18-32- 10 2 2 

8183218* 

Density - 

4*r>o 

0*53 

13-07 

113 

Atomic volume - 

10*04 

JP0 

1 3-(i(i 

20*5 

Melting point - 

1725" 

1000' 1 

2200 ' 

3845° 

Boiling point - 

> 3000 ' 

> 2900 ' 

3200 ‘ 

>3000° 


Apart from tin and lead the elements have high melting points, and 
all have very high boiling point*. 

The differences between the 1 odd and even series are ill-defined and the 
electrochemical characters are riot very pronounced, the group forming 
the transition between the electropositive (base -forming) elements ot 
Group III and the electronegative (acid-forming) elements of Group \ * 
The group as a whole occupies the middle of the periods it comprises and 
hence has a somewhat neutral character, this being particularly marked 
in the case of carbon, which has only eovalenov and no electrochemical 
character. 

The division of the Group TV elements into the two series Ge, Sn, Pb ami 
Ti, Zr, Hf, Th is fairly obvious, but the relation of these to the “ typical 
elements C and Si is far from clear. The increase of electropositive charaot • r 
from Ge to Pb and from Ti to Th, as shown e.g. by the capacity for b«i‘ 
formation, is dear, and the heats of formation of the oxides and chloride 
increase from 0 to Hi, indicating that Hi is more electropositive than 0. > J 
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this respect the b or odd aeries differs from those of earlier groups, in which 
the, electropositive character decreases with increase in atomic weight. 
Mendeleeff grouped 0 and Si with Oe, Sn, PI, (as here), whilst Lothar 
Meyer grouped them with Ti, Zr and Th, with which (c.g. in their high 
m. pts., formation of covalent compounds and t.heir predominating ouadri* 
valency) they show close analogies. 

All Group IV elements show some amphoteric character, correspond- 
ing with their position between the positive elements of Groups I and II 
and the negative elements of Groups V-V1I, and this is probably Re- 
lated to their capaeity for iorming complex aeids, which begins with 
fei (Abegg, 1909). In the group Ti to Th, Th alone forms definite oxy- 
salts and is the most electropositive clement of the whole group. 

The elements C, Si, Ge, Sn and (possibly) Pb all form gaseous hydrides 
RH 4 (0 and Si also form others, in which the (‘lenient is always 4-valent), 
the stability decreasing with increase of atomic weight, so that FbH 4 
has only a doubtful existence. The other elements all absorb hydrogen 
and may form solid hydrides. 

Hie elements all form volatile covalent tetrachlorides RC1 4 , which 
except CClj are hydrolysed by liquid w ater. Tin and lead form lower 
chlorides SnCl 2 and PbCl 2 w hich are very stable. 

C, Si and Ge all form chloroforms RHC1 3 . The b.pts. of the halogen 
compounds in the two sub-groups are : 


CC1 4 70-7° 

CHCL, 01 -2 J 

TiCl 4 139-4° 

SiCl 4 5G-8" 

SiH(’l 3 31 K" 

ZrCl 4 sublimes 

' GeCl 4 80*5° 

GoHCl.j 75-2° 

Hf01 4 

SnCI 4 1141° 

— 

ThCl 4 m.pt. 820°, sublimes 

Pbflj decomposes 

— 



Silicon is somewhat anomalous. Oxychlorides ROOi 2 are formed by C, 
Si, Ge, Zr and Th. 

The typical oxide is R(b, stable in the ease of all the elements, and on 
the whole weakly acidic (true peroxides, usually hydrated, are formed 
only in sub-group u). Lower oxides are also known, and in the case of 
8n and Pb the bivalent compounds are generally most stable, the only 
stable compounds of 4-valent Pb being Pb0 2 and some complex com- 
pounds. The oxides SnO and Pl>0 are distinctly basic though ampho- 
teric. All the dioxides except (XL have high m.pts., hut this really de- 
pends on the lattice structure (p.V)9) ; only C0 2 forms a molecular 
lattice of high volatility, whereas silicon shows a great reluctance to 
form double bonds and SiO* is a crystalline solid in which each Si is 
linked by single bonds to four oxygens. The high m . pts. of the elements 
C, Si, Go, Ti, Zr, Hf and Th are also a result of lattice structure, as they 
(and also grey tin) form diamond lattices. Bivalent lead shows close 
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analogies with barium, e.g. PbS0 4 is very sparingly soluble and is iso- 
morphous with BaS0 4 , with which it often occurs. 

Titanium shows valencies of 2, 3 and 4 and is a member of a transi- 
tional series : Ti, V, Cr, Mn and Fe (p. 431). 


Tin 

History. — It is supposed that some Egyptian hieroglyphics and the 
.word bed it in the Old Testament refer to tin, and tin articles occur at least 
as early as the Eighteenth Dynasty (c. 1400 u.e.) in Egypt. The metal is 
mentioned by Homer as kassiferos, and Pliny speaks of plumbum nigrum 
(lead) and plumbum cavdidum (tin), observing that the latter was brought 
from the Islands of Oassitcrides in the Atlantic. This refers to the British 
Isles, and the island Iktis on the coast of Britain which (according to 
Diodorus Siculus) was separated from the mainland only at high water, is 
St. Michael’s Mount, Cornwall. The metal was aftorwards called stannum* 

Occurrence. — Traces of native tin have been reported in Siberia, 
Guiana, Bolivia, and New South Wales, but the only important source 
is the ore tinstone or cassiterite , the crystalline dioxide Sn0 2 , which is 
found in Cornwall, the islands of Banca and Singkep (Dutch East 
Indies), the Malay Peninsula and Burma, Nigeria and South Africa, and 
Bolivia. It occurs either massive in lodes or veins or as an alluvial 
deposit (stream tin). It is a dense mineral, easily separated from lighter 
rocks by washing the crushed ore. If wolfram (ferrous tungstate, 
FcW 0 4 ) occurs with the tinstone it cannot be separated in this way, 
since its density is the same as that of tinstone : it is removed by roast- 
ing and electromagnetic separation (p. 0), or by heating with soda-ash, 
when soluble sodium tungstate is formed. 

Metallurgy. — The ore after separation from gangue, wolfram, etc., 
may be smelted. “ Tin concentrate ” which contains iron pyrites, 
arsenical pyrites or copper sulphide is first roasted in an inclined re- 
volving tube-furnace (Oxland and Hooking's caleiner). The sulphur 
and arsenic are expelled as sulphur dioxide and arsenic trioxide 
(As 2 0 3 ), the latter being condensed in chambers. Copper and iron form 
oxides and sulphates. The calcined ore discharged from the lower end 
of the furnace is cooled and soaked in water to remove copper sulphate 
which goes into solution (from which copper is recovered), and ferri« 
oxide and light matter which are washed away. The treated ore, known 
as black tin , is mixed with ground anthracite coal and some lime or 
fluorspar to form a slag, and smelted in a reverberatory or a shaft fm 
nace (“ Cornish tin-castle ”) : Sn0 2 + 20 - Sn + 2CO. The slags contain 
much tin and must be worked up by smelting in a blastfurnace with coke 

The tin is refined by liquation , i.e. by heating bars of the metal on tin 
hearth of a reverberatory furnace, when the readily fusible tin flow* 
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away, leaving a dross consisting of an alloy of tin with copper, iron, and 
arsenic. Ihe metal is then fused and “ poled ” with billets of green 
wood, when the remaining impurities separate as a scum and the pure 
metal is obtained. Good commercial tin is 09-00 -99*97 per cent pure. 
The scum and dross are worked up by smelting. 

Properties. Metallic tin has a bright while colour and a low melting 
point. When heated to 200° it becomes brittle and can be broken by a 
hammer into pieces called grain-tin. On slowly cooling molten tin, 
crystals are formed. The metal is not very ductile and is too soft to be 
drawn, but it is very malleable and can lx- rolled into foil, when the 
crystalline structure is destroyed. A bar of tin (units a creaking* noise 
(“cry’) when bent, perhaps due to a mechanical twinning of the 
crystals, (Zinc and cadmium behave similarly). Since tin is not easily 
oxidised at the ordinary temperature, tinfoil is used for wrapping 
chocolate, etc., and tin tubes for containing tooth-paste. The lustre of 
tin is not impaired by exposure to air or water, separately or conjointly, 
whereas lead is attacked. Tin readily alloys with iron and copper. 
Tinplate is made by dipping clean sheets of iron (given a bright surface 
by “ pickling ” in dilute sulphuric acid) into molten tin covered with 
melted palm oil. The sheet then passes under a partition into molten 
tin covered with melted fat, and then through rollers to remove super- 
fluous metal. 

Tin is recovered from scrap tinplate by the ddinnintj process . The 
material is washed with alkali to remove grease, rinsed and dried, and 
treated with chlorine gas in iron cylinders, kept cool. Volatile stannic 
chloride SnCl 4 is formed and the residue of iron sera]) is hydraulically 
pressed into blocks and smelted. 

When ordinary tin is strongly cooled it crumbles to a grey powder of 
smaller density (5-8). The change is quickest, at - 50". Grey tin is an 
enantiotropie form (p. 451) the transition point is 13*2°. White tin 
is metastable at a lower temperature and in cold climates, e.g. in 
Russia, tin sometimes falls to powder. (Aristotle seems to have known 
this.) 

Tin is precipitated from a solution of a stannous salt by zinc, iron or 
aluminium ; a piece of zinc suspended in the solution deposits a bright 
crystalline “ tree ” and large crystals are formed bv adding a suspension 
of zinc dust to stannous chloride solution. 

Tin oxidises when fused in air : t la* grey scum or dross forming on the 
surface is a mixt ure of tin dioxide and unchanged t in and on heating in 
air it is converted into tin dioxide SnOg. which is yellow vrhen hot but 
becomes white on cooling. At a white heat tin burns in air with a 
white flame. At a very high temperature it decomposes steam : 
Sn + 2H«>0 - SnO® + 2H 2 . Tin combines with chlorine and with sulphur. 
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Tin is only slowly attacked by dilute hydrochloric acid, but readily 
dissolves in hot concentrated hydrochloric acid forming a solution of 
stannous chloride: Sn + 2HC1 = SnCl 2 -f H 2 . Dilute sulphuric acid does 
not dissolvo pure tin, but hoi concentrated sulphuric acid gives stannous 
sulphate and sulphur dioxide, and some sulphur also separates, as with 
zinc : Sn + 2H 2 S0 4 - SnS0 4 + S0 2 + 2H 2 0. 

Dilute nitric acid slowly dissolves tin forming stannous nitrate and 
ammonium nitrate : 

4Sn + 10HN0 3 - 4Sn(N0 3 ) 2 + NH 4 N0 3 + 3H 2 0. 

Aqua je gw easily dissolves tin, forming stannic chloride ; phosphoric 
acid dissolves tin to form stannous phosphate SnHP0 4 . Pure tin is not 
attacked by boiling concentrated sodium hydroxide solution. 

Concentrated nitric acid free from water lias no action on tin, but in 
presence of a trace of water it acts violently, producing red fumes and 
forming a small quantity of soluble tin salt with an abundant whito 
residue ol hydrated stannic oxide, sometimes called metastnnnic acid 
HjSn s O u (?). Boyle (1075) remarked that *' aqua fort is eats up more tin 
than it dissolves.” 

Tin forms important alloys, e.g . bronze (p. 722). A mixture of 1 part of 
lead and 2 parts of tin is ordinary fine -sold et (soft -solder consists of equal 
parts of tin and lead, cheap solder is 7 lead and 3 tin). Old pewter contains 
4 parts of tin and 1 part of lead, usually with a little antimony, JSrifannia 
metal and modern peuier consist of tin, antimony and copper. Mirrors are 
sheets of very dean glass backed by pressing them on a surface of amalga- 
mated tinfoil, but they arc now mostly silvered. Phosphor tin is a white 
metallic coarsely crystalline mass formed by adding phosphorus to molten 
tin. 

Tim Compounds 

Tin forms two series of compounds : the stannous compounds SnX 2 
in which tin is bivalent, and the stannic compounds SnX 4 in which tin 
is quadrivalent. The stannous compounds readily oxidise to stannic 
compounds, and stannous compounds are reducing agents. 

A solution of stannous chloride added to a solution of mercuric chloride 
gives first a white precipitate of calomel and if added in excess a grey pre- 
cipitate of metallic mercury : 

Sn(T, f 2Hgd 2 - Kn('J 4 4 . Hg 2 n, 

SnCl* f Hg 2 ('l 2 -HnCl 4 4 2Hg. 

Stannous chloride added to a solution of ferric chloride and potassium 
ferricyanide gives a precipitate of Prussian blue, owing to the reduction i 1 
the ferric salt to a ferrous salt : 

2.Fe’” j- Sn** - 2Fe“ h 

Stannous oxide Su() is more basic than tin dioxide Sn0 2 , but both fth< ' 
feeble acidic properties forming stamutes anti stannates, e.g. Na*SnO s ui 
Na 2 SnO*, which are largely hydrolysed in solution. Stannous oxido 
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weaker baa© than lead monoxide PhO, and does not form a carbonate. 
Stannous salts ionise to form the stannous ion Sir*, but stannic compounds 
(which are mostly oovulont) usually lorm complex ions, and the existence 
of the stannic ion Sn’*“ is doubtful. 

Sfcaamous compounds. -Tin foil or granulated) readily dissolves 
in hot concentrated hydrochloric acid to form a solution of stannous 
chloride : Sn +2H01 - StiC 1 2 + H 2 . On evaporating and cooling, the 
solution deposits transparent readily fusible crystals of Nn01 2 ,2H 2 0. 
They lose some acid on heating and anhydrous stannous chloride is best 
prepared as a transparent glass by passing hydrogen cliloride over 
heated tin. It is soluble in alcohol or ethei . melts at 24(>° and boils at 
603°, the vapour being associated : Sn 3 Ci 4 - 2Sn( Thcfused chloride 
is an electrolyte. The crystals of hydrated chloride, known as tin mil , 
do not give a clear solution except in a small amount of water or unless 
hydrochloric acid is added ; with much water white stannous oxychloride 
2Sn(0H)01,H 2 0 is precipitated. Unless granulated tin is added the 
acid solution quickly becomes turbid from oxidation, stannous oxy- 
chloride being deposited and stannic chloride remaining in solution : 

OSnCK f 2IUO * 0 2 2Sn< 1 , r tSnfOHJd. 

With eoneentrated hy droehloric acid stannous chloride forms crystalline 
hydrochlorostannous acid HNnCl.,'3H«,( ), and in solution H 2 Sn01 4 . These give 
stable crystalline salts, the chiorostaimites, < .'/. (Nil |) 2 Sn(’ , l 4 . Stannous 
chloride forms several compounds* with ammonia. 

Stannous bromide Snl»r>, rn. pt. 21f>.“> , is light yellow and is prepared in 
a similar way to stannous chloride. Stannous iodide SuP, m. pt. 31 0°, is 
red ; crystallises from a solution of stannous chloride and 

potassium iodide ; if is spaungly soluble in water hut dissolves in hydriodie 
acid to form HSnl „ salts ol winch arc known. 

Hodium hydroxide solution added to a solution of stannous chloride 
gives a white precipitate of hydrated stannous oxide, 3Sn0,2H 2 0. On 
heating this loses watei and forms stannous oxide NnO, a black crystalline 
powder. Stannous oxide is also formed by heating stannous oxalate : 
SnC 2 0 4 --- SnO f 00 i r<) 2 . It smoulder* when heated in air, forming 
tin dioxide Sii0 2 . The"* precipitate of hydrated stannous oxide m 
soluble in acids forming stannous salts, and in alkali forming stannites, 
*\f/. Na 2 i$Ti0 2 . The stannite solution has strong t educing properties ; it 
is unstable and deposits black SnO on stalling. "\ cry concentrated 
alkali decomposes hydrated stannous oxide into spongy tin and a 
solution of sodium stammte : 

2SnO -{ 2NaOH =Su i Na 2 Sii() 3 * H a 0. 

Stannous sulphide SnS* is formed as a brown precipitate when hydrogen 
sulphide is passed into acidified stannous chloride solution, or as a 
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grey crystalline mass on heating tin with sulphur. The brown precipi- 
tate (black when dry) is soluble in hot concentrated hydrochloric acid 
(arsenic trisulphide is insoluble) ; it is insoluble in alkali sulphides if 
these are free from excess of sulphur, but dissolves readily in the poly- 
sulphides, e.g. yellow ammonium sulphide, forming thiostannates : 

SnS + (NH 4 ).,S 2 - (N H 4 ) a SnS 3 , , 
from which acids precipitate stannic sulphide : 

(NH 4 )*Sn8 # + 2H01 - 2NH 4 C1 4- H 2 S + SnS,. 

Stannous sulphate SnS0 4 is best prepared by boiling tin with copper 
sulphate solution acidified with sulphuric acid, filtering from copper, 
evaporating and crystallising : 

C'iiS 0 4 -4 8 n S 11 SO 4 4 -On. 

Stannic compounds. — Tin resembles carbon and silicon in forming ;i 
a gaseous tin hydride SnH 4 . 

This is obtained, mixed with hydrogen, by the action of hydrochloric acid 
on an alloy of tin and magnesium. The pure compound is prepared bv 
electrolysing a solution of tin sulphate containing 0-5 per cent of dextrin 
between platinum electrodes, washing the hydrogen (containing 001 per 
cent of SnH 4 ) with water and alkaline lead acetate solution, drying by 
passing through tubes cooled at - 80' to - I00\ and condensing in liquid 
air; the solid melts at - 150'. The liquid is then fractionated at low 
temperatures. The gas is stable in a glass vessel for some days at room 
temperature, but is rapidly decomposed in p?*esence of minute truces ’of tin 
and in contact with Cat "L and P 2 0 5 . It decomposes rapidly and completely 
above, 150 J , does not react with dilute alkali, dilute hydrochloric a <*'<!, 
dilute or concentrated nitric acid, copper sulphate or lead acetate, but is 
absorbed by concentrated sulphuric acid or concentrated alkali, solid 
alkali, soda lime and silver nitrate solution (giving a black precipitate 
containing tin and silver). 


Stannic halides arc : 



SnK 4 . 

SnCl 4 . 

SnBr 4 . 

Snl 4 . 

M. pt. - 

- Sublimes 

33" 

30° 

143-5° 

T5. pt, - 

7or/ 

1 141° 

293° 

340° 

Density 

4-78 

2*234(15°) 

3-340(35°) 

4-690 


Solutions of halogen compounds of quadrivalent tin contain the tin 
ionised substances and hydrolysis products, e.g. colloidal stannic oxide: 
the solution in hydrochloric acid contains the iori Slide", and it is doubtful 
if the stannic ion Sn““ is over present. 

Tin combines at room temperature with chlorine gas to form a 
colourless volatile strongly fuming liquid stannic chloride, discovered he 
Libavius in 1005 and called spiritus funtans Libavii , He obtained it bv 
distilling tin with mercuric chloride : 

S n + 2Hg01 2 - 2Hg + SnCl 4 . 

It is conveniently prepared by passing dry chlorine to the bottom o; - 
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cooled vertical tube containing granulated tin until the metal is mostly 
converted to liquid stannic chloride, which is then distilled (b. pt. 
1 14*1 °). The vapour density corresponds u it h the formula SnOl 4 . With 
a small quantity of water it dissolves with evolution of heat, forming a 
clear solution from which crystalline hydrates are obtained. The 
hydrate SnCl 4 ,5H 2 0 is prepared in commerce and (tailed “ oxynmriate 
of tin or butter of tin . Stannic chloride is obtained in detiuning 
scrap tinplate (p. 827). The hydrate is used as a mordant, especially 
for silk, and in “ weighting ” silk. By acting on SnCJ (1 ,5H 2 0 with 
hydrogen chloride gas and cooling at 0' , crystals of hydrochlorostannic acid 
H 2 Sn01 6 ,<)H 2 0 are formed. Direct combination of stannic chloride 
with alkali chlorides gives chlorostannates, <\(j. (NH 4)281101#, which 
crystallises anhydrous and was formerly used as a mordant in dyeing 
madder-reds and pinks (hence it was called ** pink salt ”) ; it has been 
superseded for this purpose* by Sn0l 4 ,5H 2 0. Stannic chloride combines 
with many substances such as PIT,, POCl t and Nil.,. 

Stannic bromide SnJBr 4 , a white fuming crystalline solid, and stannic iodide 
8 uL 4 , yollow stable octahedral crystals, are formed directly. The fluoride 
SnF 4 , from KnFI, and anhydrous UK, forms white del Kjuescent crystals. 
It forms complex salts, r.//. K.,Sni\, analogous to tluosilicatos. 

Stannic oxide Sn0 2 is funned by heating tin in air and by heating the 
product of the action of concentrated nitric acid on tin. It is a soft 
white powder, called />////// pointer and used for polishing and for 
making opaque milk-glass and white glazes. It has acidic properties, 
forming stannates with alkalis : 

Sn() 2 : 2NaOH Na.,SnO ;J + H 2 0. 

They are hydrolysed by water and react alkaline. 

Sodium stannate Na 2 Sn(). { ,:iH 2 (), used as a mordant, is prepared by 
fusing tin dioxide with sodium hydroxide, extracting with hot water 
and crystallising. The ignited dioxide* (or tin* mineral tin-stone) is in- 
soluble in all acids except concentrated sulphuric, and does not dissolve 
in aqueous alkalis. It can be brought into solution only by fusion with 
caustic alkalis or alkali sulphides (forming thiost-annat.es). Ortho- 
stannates are rare ; the green eobalt salt- Oo 2 Sn(), is obtained by heating 
the oxides with a flux. Potassium and sodium stannates K. 2 Sn0 y ,3H 2 0 
and Na 2 8n0 3 .3H,() have been formulated as K 2 |Sn(OH) 6 l and 
Na 2 [Sn(0H ) 6 1, analogous to K-SnOl*, since the water cannot be re- 
moved without decomposition and K 2 |Sn(01I) G | is isomorphous with 

K 2 [Pt(OH) 6 ]. 

Colloidal stannic acid, formed in solutions of stannic chloride in water, 
readily gelatinises. The precipitate is soluble in excess of potassium or 
sodium hydroxide, forming a stannate. Acids precipitate from this a 
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hydrochloric acid is identical with a solution of stannic chloride in 
water. On standing this solution slowly deposits jS-statinic acid. 

By the action of fairly concentrated nitric acid on tin the final pro- 
duct is a white eurdy powder of hydrated stannic oxide, which differs 
from a-stannic acid in being insoluble in dilute acids. It is slightly 
soluble in water and the solution reddens litmus. This variety of 
hydrated stannic oxide is called ^-stannic acid or metastannic acid. 

It was given the formula HjSiijOjj but the proportion of water is variable 
anti the difference betwoen the a- and jS-aeids seems to be due to something 
more than varying hydration. They have been regarded as colloids with 
particles of different sizes. i\l eta stannic acid adsorbs phosphoric acid 
almost quantitatively from solutions and may be used in the separation of 
this acid in qualitative analysis, although it is not altogether satisfactory 

Both a- and jS-stminic acids are soluble in alkali hydroxide and carbonah 
solutions and are ropreeipitated by acids with their original properties. 
Boiling concentrated sulphuric acid dissohes jS-stannic acid and when 
the cooled solution is poured into water a-stannic acid is precipitatod. On 
fusing jS-stannic acid with alkali an g-st annate is formed. 

a-starmie acid when dried at 100‘ has the composition H 2 Sn() 3 ; /^stannic 
acid when dried in vacuum was found b\ Fremy (1848) to contain 11-3 per 
cent of water, and from this and the composition of the salts ho adopted the 
formula (H 2 Sn0 3 ) 5 , /'.«*. fi 2 Sn 5 0 1 ,;4H 2 0, and called it metastannic acid, (‘old 
solutions of alkalis form sparingly soluble metastannates r.r/. Na 2 8n 6 O u ,411 2 < ), 
a crystalline powder, from which acids reprecipitnto /?-st unnic acid. 

Engel (1897) by the action of concentrated hydrochloric acid on jS-stanruo 
acid obtained a gelatinous mass, part ly soluble in water. The filtrate gives 
with hydrochloric acid a white precipitate which on drying in vacuum 
forms a glass of the composition Kn^V^tH/), soluble in dilute hydro- 
chloric acid, but ropreeipitated by the concentrated acid. It is called 
j8-stannyl chloride or metastannyl chloride. On boiling or adding sulphuric acid 
to the solution /3-stunmc acid Sn & O 0 (()H) 8 ,4H,() is quickly precipitated. 
The white powder obtained by the action of concentrated nitric acid on tin 
may be the corresponding nitrate. Nn 3 () 9 (K0 3 ) 2 ,4ri 2 0. 

If jS-stannic acid is heated with water at 100°, it passes according ti. 
Engel into parastannic acid, H 2 Sn 5 O n ,2H 2 (), wiiich with hydrochloric acid 
forms a chloride 8n 5 0 9 01 2 ,2H 2 0. Klciusehmidt (1918) w r as unable to pro- 
pare paras tannic acid. Engel’s results may lie summarised as follows : 

Acid Dried in air Dried at 100° K suit Chloride 

Orthostanme H 4 *ta0 4 H 2 fSnO a K,KnO a SnCl 4 

Metastannii H 2 Sn 5 (> n ,9H 2 0 H 2 Sn 8 0 n ,4H 2 0 K 2 Sn 6 6 u ,4Il 2 0 Sn 6 O fl CI 2 ,4J I J) 
Parastaimic JH 2 Sn fi O n ,7H 2 0 TI s Hn 4 () lt ,2H a O K 2 Sn 5 O n ,2H 2 0 8n 4 O a Clg,2B O 

Mecklenburg (1909-14), who prepared specimens of jS-stonnic acid la 
heating a dilute solution of stannic sulphate or precipitating it with pnhi 
sium sulphate, found the water content variable, and concluded that *0“ 
supposed a- and jS-stannio acids are colloidal hydrated stannic oxide v • 
particles of different sizes, those of /3- stannic acid being *larger. 'i ’ 
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X-ray patterns of both are Kienheal will, that of natural cmwtont,, 
or SnO*. 

The different chemical pi op erluix ,!,((.< ulf to ox,, lain on tins basis 
Thiessen and Kornor (1931) found ,ix breaks t|,< ,|, h v h.itioii nines ot 
hydrated stannic oxide oom.s|,ondm« with • 2 , ] _> | m „j i)] () |„ r | 
molecule of Sn 0 2 " “ ' 

Peistannic acid correspt aids with the unknown s u (), H v glm ,|„ lf , 

stannic hydroxide with 30 p« uni J1 (> )1( 71, , )nmg , fie Ie sidue. 

HSn0 4 ,2H s 0 is obtained , ifdnod.il 100 JI Sn.O .311 O is formed B\ 
treating a staruiate 111 flic same w.n persUnnates < q KSii()„2H (), me 
formed (Tanatai, 1905) 

Stannic sulphide NnS a is formed by precipitating a solution of a stannic 
salt with hydrogen sulphide The prooipjlale is \ellow but becomes 
black on drying , it is a nurture of tin dioxide m 1 \v ulphide Crystal- 
line 81 x ^2 ifi obtained as a residue of gold( n \ ( How glistening scales called 
mosaic gold by beating a mixture of tin nn tig un 01 filings, sulphur and 
sal ammoniac, as desenbid m a tourteentli << ntury Naples MS . 

2Sn + ()NH 4 CI + 2S SnS, * (NH 4 ),Sn(\ 4 INH , 4 2H 2 

It is insoluble in acids but dissolves in aqua uqia or alkalis 

Sodium orth othiostann ate \«i 4 SnS 4 ISH^O is foimed b\ heating sodium 
stannate solution with sodium sulphide Fiom a solution of it boiled 
with precipitated SnS,, tin metathiostannate JN T d 2 iSnS a ,8H 2 0 crystallises 
at room temperature Flu metatluostannate is also formed by boiling 
tin and sulphur with a solution of sodium sulphide 

The atomic weight of tm is found fiom the analysis of Sn01 4 and 
SnBr 4 , the valent \ is found fiom the vapour densities of SnClj and tin 
trieth)l Bn 2 (C 2 H 0 ),,, and tin* atomic heat >1 tin 

Li vi) 

History, — The metal lead is oasilv 1 educed from its ores and was known 
m ancient Babylonia and Empt , it ><(ius 111 cailv bronzes and a small 
load statue in the British Museum is attributed to the First Dynasty 
(3400 B.e.) m Egypt Lend is mentioned m f >1) \iv , it was appmontly at 
first confused with tin, but it lias a sop 11 do main (/ioAi/D?) in Homer and 
the difference was ro< ognised b\ IMinv (p S 2 (>) Fno (hooks obtained lead 
from the Launou mints but made little u.< of it r l 11c Romans obtained 
load from Spam, Haul and Britain, and used it laigolv foi cisterns, water 
pipes, otc. There is a considerable amount >f Roman load at Bath. 

Occurrence.- Lead is widch distributed traces occur m the native 
form but the chief on- is qahm, the sulphide PbS, which is lioavy 
(density 7-5), has a bright lustre and is found m many parts of the 
United Kingdom, Broken Hill (New South Wales), Spam and North 
America. Galena usually contains (Mil lo 01 per cent of silver. The 
oxides lead ochre PbO and plattnenle Pb0 2 are rare , the carbonate 
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cerumite PbCO s , ehlorophosphate jtyroworphife 3Pb s (P0 4 ) 2 ,Pl>CL i , 
sulphate anylesite PbS0 4 , sulphoearbonate lead hi Hite 3PbC0 ;? ,PbS() 1 , 
and basic sulphate fa Hat kite PbS() 4 ,PbO, all occur less abundantly than 
galena. 

Metallurgy- — Lead is produced from galena by simple roasting in an 
oxidising atmosphere ; its extraction was carried on in England during 
the Roman occupation. The process is mostly carried out in a rever- 
beratory furnace (Pig. 719) known as a Flintshire furnace, or on th< 
Scotch hearth (which has come into use again in a modified form), a tlai 
hearth w ith tuynts for the blast. The ore is first roasted at a moderate 
temperature when some galena is oxidised to lead oxide and sulphate 

2PbSs30 2 2PbO+2SO a 
PbS +20 a -PbSOj. 

The temperature is then raised, a little quicklime is added and tli< 
smelting reaction takes place, the remaining lead sulphide reacting with 
the two oxidised products : 

PbS \ 2PbO ~ 3Pb 4 S(>« 

PbS + PbS0 4 -2Pb+2S(\ 

The slag, which contains some lead, is afterwards worked up by heat uu 
with lime and powdered coal m a small blast furnace. 

Poorer ores and an jiu leasing amount of nelier dkn ( on taming qu.irl,, 
zmr blende, and pyntos, are now smelted in small blast furnaces with coha 
r fhe ore is first roasted and 1 In* lead oxide is rodiu ed in the blast iurnaco 1>\ 
the coke and carbon monoxide, the* lead sulphide 1>\ the iron formed l>\ 
reduction of the iron oxide m the charge (or added to the charge) ; IM>s 
Fe — FeS -7 Pb. Lead fume (ehiclly PbO) formed during smelting w collet hd 
m flues and bag-filters, or by electrostatic precipitation. 

Lead is also extracted by wot processes. The ore is roast < m 1 to Bulphau 
the soluble sulphates of manganese, magnesium, etc., dissolved out, and 
the lead sulphate dissolved in saturated brine containing chlorine. f i )>' 
solution is then electrolysed to deposit spongy lead. 

The crude lead contains copper, antimony and bismuth, which make 
it hard. It is softened by melting on the hearth of a reverberah n 
furnace, until the foreign metals arc oxidised and form a scum on Pa 
surface, mixed with a little litharge (PbO). It is then desilvered (p. 73 1 ) 
In the Harris procc ss the foreign metals are removed by treating the It cl 
with molten sodium hydroxide and nitrate. Lead is refined by elect* » 
lysis in a solution of lead fluosilicato (PbSiF e ) with a little gelatin, w 1 • a 
a coherent deposit is formed. Commercial lead of 99*99 per cent pm ‘ \ 
is easily obtained. 

Properties. — Lead if pure has a silver-white lustre, but it is usu > h 
bluish-grey. It is very soft, dense (density 1 1 *35) and fusible. It b l 
-at a high temperature in a nearly perfect vacuum and the vapou ! 
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moriktomic at 1870°. Lead is plastic, especially when heated, when it 
may be “ squirted ” into wire by forcing it through a die under pressure, 
or “ wiped ” in forming pipe-joints in plumbing. Tubing ls also formed 
by squirting. “ Oompo ” tubing is of lead hardened with a little anti- 
mony. Bearing-metal alloys contain load with calcium, barium, lithium, 
sodium, etc. Crystals of lead art* obtained by precipitating it from a 
solution of the nitrate by a suspended piece of zinc ( kt lead tree ”). 
Very beautiful crystals are obtained if the solution is gelatinised by 
adding gelatin. 

Lead oxidises rapidly but superficially in moist air to a white film of 
hydroxide and carbonate. Pyrophoric lead (obtained by heating the 
tartrate in a tube and then sealing) ignites spontaneously in air and 
burns to PbO. The metal is not attacked by pun*, water (except at the 
boiling point) or by dry air, but is rapidly corroded by soft water con- 
taining dissolved air and carbon dioxide, forming a loose deposit of 
hydroxide which is appreciably soluble in water and makes it poisonous. 
The “ plurnbosolveney ” is prevented by calcium bicarbonate or sul- 
phate in hard water (p. IS7). Addition of a trace of tellurium reduces 
the corrosibility of lead and gives the metal greater strength. 

Lead readily dissolves in dilute nitric acid or hot concentrated sul- 
phuric acid forming salts of the bivalent Pb** ion, v\ hich is colourless and 
resembles the barium ion Ba“. It is a powerful cumulative poison, i.e. 
small quantities below the poisonous dose accumulate in the system and 
ultimately induce chronic poisoning. A characteristic symptom of lead 
poisoning, to which painters, plumbers and potters using lead and its. 
compounds are liable, is a him* line on the edges of the gums. 

Lead forms two series of compounds, the plumbous compounds (sometimes’ 
called “ plumbic ”) in which it is 2-valent, and the plumbic compounds in 
which it is 4-valcnt. 

The so-called plumbous ” compounds. e.<y. Pb,0 said to be formed on 
heating lead oxalate, arc mixtures of bivalent lead compounds and finely- 
divided metallic lead : 21 > h(' 2 0.,- Pb + PbO 4 BO t 3r0 8 . 

Pli :muo v s Oompo i ■ n i >s 

Lead dichloride, plumbous chloride, or simply “ lead chloride ’ PbCl 2 , 
occurs as the mineral cotunniie in some volcanic craters. Mendipite 
PbCl a ,2PbO and mallockite PbCIF occur native. The chloride is slowly 
formed on heating the metal in chlorine. Boiling concentrated hydro- 
chloric acid slowly dissolves lead : Pb f 2 HOI — PbCl 2 + H a . Lead 
chloride is usually prepared as a white precipitate by adding a chloride 
to a solution of a lead salt : Pb** +2CT = Pl>01 2 . 

It is sparingly soluble in cold water (0*91 per cent) but more soluble 
in boiling water (3*2 per cent) and on cooling the hot solution anhydrous 
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needles separate. Lead chloride molts at 408° and boils at 056°; the 
vapour density at 1070° corresponding with PbCl 2 . It dissolves in con- 
centrated hydrochloric acid and crystalline salts, e.g. Nfj^PbgOlfl, ar<* 
known. 

On boiling litharge (PbO) with a solution of common salt partial de- 
composition occurs with formation of sodium hydroxide (Scheele, 1773) 
5PbO + H 2 0 + 2Na01 ^ 2NaOH + PbCl a ,4PbO. 

On heating the solid product yellow lead oxychloride PbCl 2 ,4PbO ot 
Turner's yellow , used as a pigment , is formed. C asset yellow Pb01 2 ,7 Pb( > 
prepared by heating litharge with ammonium chloride, is probably 
mixture. 

Lead chlorate PbfOlOdaJ-JjO, formed from litharge and chloric acid 
evolves oxygen and chlorine on heating. Lead fluoride PbF 2 and lead bromide 
PbBr 2 are formed by precipitation. 

Lead iodide Pbl 2 is formed as a yellow powder by adding potassium 
iodide solution to a solution of lead nitrate or acetate. It is sparingly 
soluble in cold water (0*00 per cent at 15' ), but on boiling it dissolves 
(4*34 gm. per lit.) and on cooling golden-yellow spangles separate. Tt is 
soluble in a large excess of potassium iodide, forming KPbI 3 , but d« 
posits again on dilution. 

Lead monoxide PbO is formed on heating lead in air. The grey drovs 
produced is a mixture oflead monoxide and metallic lead and if heated 
in an iron vessel it turns yellow, forming the monoxide* as a yellow 
powder (which darkens on heating) called maswot ; if fused a reddish- 
yellow scaly crystalline mass of Itfhmty is obtained. Lead monoxide is 
reduced by heating wilh carbon monoxide, hydrogen or carbon 
Litharge obtained in the refining of silver is largely used in making 
flint-glass, glazing pottery, preparing lead salts, and making paints and 
varnishes. It accelerates the absorption of oxygen by linseed oil, 
causing the oil to “ dry ” or form a solid oxidised compound. It 
litharge is boiled with water and olive-oil, lead oleate, a sticky adhesive 
mass used in making lead-plaster, is formed and glycerol passes into 
solution. There are two crystalline forms of PbO, a rhombic (yellow) 
and a tetragonal (red), which are formed by heating lead hydroxide 
with 10N and 15N potassium hydroxide solution, respectively. TI< 
transition temperature is 585°. 

Lead hydroxide 2Pb0,H 2 0 or Pb 2 0(0H) 2 is formed as a white gela- 
tinous precipitate on adding an alkali hydroxide to a lead salt aolutn 
It may be obtained crystalline. It loses water on heating at 14." , 
forming the monoxide. Lead hydroxide is slightly soluble in wa<“ 
(as is PbO, which first forms the hydroxide) and the solution turns \ * 
litmus blue. It dissolves both in acids and alkalis (except ammom »» 
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forming load walls and plmnbitrs n spcctm and hcncc it is ampho- 

tenC Pb(OH), f2HNO Pb(\() { ) HO 

Pb(Oil) 2 -f 12l\a()H \i Pb() 2 jif () 

The plumbite, e g Na 2 PbO M , ixlugih livdroh sal m solution 
PbO^ ! 211 O Pb(OII) J()II 

Ammonia dors not dissolve h ad h\ dioxide since a suffic lent concentra- 
tion of hydroxide ion cannot b< produced 

An impoiUnt sdt is lead acetate Pb(( »,()) 3H.0 c died &ugar 
of lead on account of its ^weet taste (it is poisonous) Jt is pic pared 
by dissolving had oxide (PbO) or ba^c c ubomte in hot dilute acetic 
ac id, ex apoiation and c i x st dhsation I xuss of lead oxide' foims 
a sparingly soluble Uis Jt sdi 1^ boiling hthaige with a solution of lead 
acetate a solution of i hisu u elate c died Goulard s utuut is loimed, 
which is used as ,i loti n 

Solutions of It ad s ills _ i\ c v\ j th a solution of ilk di raibonatc m the 
cold a heax> white <nsfrfhrn piee i}>it itc of lead carbonate PhC0 3 
The precipitate is sptnngk soluble in water (0 0> mg per lit) but 
dissolves readily m i s Hutu n of iminomum icetdte The basic carbonate 
2Pb00 3 ,Pb(()H) w is i hi white pigment c dkd?/Ai/e had 

(mod white lead k o pi is it mixes u idiiv willi Imscod oil and has 
a good t o\ cuing p str It mij i peris made it is < i> st dime and has a con- 
hide i able dewier c i Iran ptnnr\ itseovunup wer being i educed White 
load is leaddv blackcnc 1 by h\ it gen sulphide in tlie atmosphere Its 
adulteration bv the rheipn hninun ulphatt is <Jc tee tod by the insolubility 
of the latter in diluh mtn nil I iif w uftiti is a mixtuu of equal parts 
of while lead and Inn no sulphate m Dahl u h (< Hie pioportions aie one 
to three' 

Those) called Dal 7 puciss (n ills <k erihtd bv The oplnastos in 300 b 0 ) 
pioducos the 5 ) be st epi dit oi wind bud Polls of shu t loael oi gilds of east 
load aro placed in t nllunw in p K with \inegxr r I lie pots ait* lotiselv 
coveted and sine kerf m t >v\s eoveie 1 with pi inks and mtorstrafifiod with 
spent tan-baik, tlie fumentih >n f s\l n h 1 icps tin ]>o1s wann xtul pro- 
duces caibon dioxide 1> hi< It id net He is ] mhiblv first produced and is 
then dttomposod Is tin c ubm dioxide the It id acot ite sit free again 
centering mfo teaeli n 

>P1> O. 2HO 2Pb(OH ) 

Pb(OH) t 2( H ( O H Pb(( H,( O ) ^ 2H t O 
Pb(rH,(0) 2Pb(OU) Pb(Ul CO) 2Pb(OH) 
3fPb(0H s ('O 2 ) 2 ,2Pb(OH) j RO 2|2Pbl 0 4 Pb(Oli) 1 t 3Pb(PH a CO a ) 2 

■+ 4H 2 0 

Tlie plates afte'i ft>ur or iivo we eks uo uu rusted with white lead This is 
stripped off and giouucl and washed with watoi The moist paste ib dried 
m vac uum ovens The prose nco of hibinuth in the lead gn es an objection* 
able colour to tlie product 
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By boiling litharge with lead acetate solution a basic acetate is formed, 
which is precipitated by carbon dioxide. The white lead made by this 
method (Thenard's process) is of inferior quality. A bettor product is 
obtained by passing carbon dioxide into a suspension of lead oxide in 
water containing a- little lead acetate. 


Lead nitrate Pb(NO s ) 2 » discovered by Libavius (1597), is deposited in 
anhydrous milky-white crystals, isomorphous with barium nitfate, 
from a solution of lead, litharge or lead carbonate in dilute nitric acid. 
Excess of lead oxide must not be used, as a basic salt is then formed. 
Clear crystals deposit from dilute nitric acid. Lead nitrate is very 
soluble in water (56*5 gm. in 1(X) gm. water at 20°). 

Concentrated nitric acid precipitates lead nitrate from solution, and 
lead is not dissolved by concentrated nitric acid because a protective 
coating of nitrate is formed. On heating, lead nitrate evolves nitrogen 
dioxide and oxygen (with decrepitation) : 2Pb(N0 3 ) 2 «2PbO 4-4N0 2 -t- 
0 2 . The reaction is reversible in a sealed tube at 357°. A basic nitrate 
Pb(0H)N0 3 is formed in crystals by boiling a solution of the nitrate with 
litharge, and cooling. 


Lead orthophosphate Pb 3 (P0 4 ) 2 and pyrophosphate Pb 2 P 2 0- form white pre- 
cipitates on adding the sodium salts to a solution of load nitrato or acetate. 
The orthophosphate dissolves in boiling phosphoric acid and crystals of 
PbHPO* separate. Pb(H 2 P() 4 ) 2 is formed by dissolving Pb 3 (P0 4 ) 4 in 
90 per cent phosphoric acid, evaporat ing and washing the crystals with 
ether. 


Lead burns in sulphur vapour forming a greyish -black mass of lead 
sulphide PbS, which occurs as galena. The sulphide is formed as a 
black precipitate on passing hydrogen sulphide into a lead salt solution. 
It dissolves in boiling dilute nitric acid with separation of sulphur : 
concentrated nitric acid converts it completely into the insoluble sul- 
phate PbS0 4 ; it dissolves in hot concentrated hydrochloric acid ; 
PbS + 2HC1 - PbCl 2 + H 2 S. 

H 2 S passed into a solution of a lead salt containing excess of hydro- 
chloric acid first forms a yellow or red precipitate of PbS,PbCl 2 . Thi> 
afterwards forms black PbS (rf. HgS, p. 794). On diluting a solution of 
PbS in concentrated hydrochloric acid, PbS,4PbCl 2 is precipitated. 

Plumbous persulphide Pb I hS 2 is formed as a dark reddish-brown solid In 
the action of sulphur on a solution of s - butyl lead mercaptan in benzene - 
with hydrochloric acid it forms H a S 2 (Duncan and Ott, 1931). 

Lead sulphate PbS0 4 occurs in the mineral anglesite in crystal 
isomorphous with barytes (BaS0 4 ) and celestine (SrS0 4 ) but sometime 
as pseudomorphs of galena, from which it has been formed by oxidatio? 
It is precipitated by sulphuric acid or a sulphate from a lead salt soh 
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tion as a heavy white powder, sparingly soluble in water (0*04 gm./lit. at 
]5°) and almost insoluble in dilute sulphuric acid (04)04 gin. /lit. in 0*5 
per cent acid at 15 ). It dissolves in warm ammonium acetate solution 
(BaSO* is insoluble) forming feebly ionised lead acetate or a complex 
ion Pb(C 2 H 3 0 2 ) . It also dissolves (0 per cent) in hot concentrated 
sulphuric acid and deposits iu crystals on cooling ; the compounds 
M 2 Pb(S0 4 ) 2 , where M— Na, K and NH 4 , an 1 known. With ammonia 
the basic sulphate PbS0 4 ,PbO is formed. 

“Sublimed white lead/’ a mixture of 75p}>N0 4 , 20PbO and 5ZnO, is 
formed by burning galena containing zinc* in an oxidising atmosphere and 
collecting the fumes. 

Lead chromate PbCr0 4 is formed as a yellow precipitate insoluble in 
dilute but soluble in concentrated nitric acid (r/. BaO0 4 ), and used as 
a pigment ( chrome i yellow). It is the least soluble lead salt and is pre- 
cipitated in presence of ammonium acetate. 

When a lead salt is added to a solution of potassium dichromate an 
equilibrium is set up unless an acetate is added : 

KXVjj() 7 { Pb(XO ; ,) 2 Pb(V0 4 + 0r0 3 . 

The acetate removes tlie chromic acid. Pb(V0 4 dissolves to a yellow 
liquid in concentrated sodium hydroxide solution and a chromate and 
plumbite are formed * 

Pb(Y0 4 4lNa()H -NaoPhO, fNa 2 (V0 4 + 2H 2 0. 

Lead cannot be separated completely from acid radicals in the ordinary 
process used in qiuhtative analysis, boiling with sodium carbonate, if a 
chromate is present. If the solution is reduced with H a S, a chromic salt 
and a precipitate of PhS() 4 are formed. 

Orange or rod lmsie lead chromates aro formed when lead cliromate is 
boiled with dilute alkali hydroxide and are used as pigments. Mixtures of 
load chromate with lead sulphate or harmm sulphate are also used as 
yellow pigments. In calico-printing the cloth is mordanted with a lead 
salt anti thou stooped in potassium chromate solution. 


PLl’MBK ’ ( >M PC I'NDS 

When white lead, massicot or finely-ground litharge is heated in air 
at about 340° it absorbs oxygen and forms a scarlet cryst alline powder 
of red lead or minium : (> PbO t 0 2 ^ 2Pb 3 <) 4 . Above 450° this decom- 
poses again into lead monoxide and oxygen. Red lead is used to ma,ke 
cements with oil (it is not suitable tor a pigment, as it oxidises the oil too 
rapidly) and in the manufacture of Hint glass. 

When red lead is stirred with concentrated nitric acid it is decomposed 
into lead monoxide which forms load nitrate, and lead dioxide Pb0 2 
which remains as a choeolate-hrown or puce-coloured powder on 
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washing out the lead nitrate with hot water and drying. It may 
also be prepared by boiling red lead with diluted nitric acid, filter- 
ing and washing : * 

Pl) a 0 4 + 4HN0, -2Pb(NO ;i ) 2 +-Pb0 8 + 2H 2 0. 

It is precipitated by bleaching powder or sodium hypochlorite solu- 
tion from a solution of a plumbite : 

PbOf N T a0ri-Pb0 2 4Na01. 

None of these preparations is pure lead dioxide, which is difficult to 
obtain ; the best method is to electrolyse a solution of lead nitrate 
w hen it is deposited on the anode. 


Lead dioxide is used as the anode m the load accumulator, tho cathode 
being metallic load and tho electrolyte dilute sulphuric acid ; in the action 
of the cell both electrodes tend to be converted into lead sulphate, the 
reaction being reversed cm charging the cell : 


I. PbO,* 21P 
Pb() 11,80* 

Pb t NO/' 

II. PbSOj < 2 ; 
PbS0 4 i SO/' * 2iLO + 2 * 


i (anode) 


PbO t H 2 0 I. 2 CO 
PbSO, i JLO 
PbSO* -i 2 N (cathode) 
Ph *- SO/' (cathode) 
i'bOj. f 2H 2 SO a (anode) 


Lead dioxide is a powerful oxidising agent. A mixture with sulphur 
ignites on trituration, burning with a brilliant flame and forming lead 
sulphide. Lead dioxide becomes red-hot when warmed in sulphur 
dioxide and lead sulphate is formed : Pb() 2 S0 2 - PbS() A . If a man- 
ganous salt (e.ff. MnSOj) is boiled with nitric acid and lead dioxide a 
pink solution of permanganic acid is formed {('rum'* t< j M) : 

2MnS<) 4 4 5Pb0 2 -4 GHNO,- 2HM»0 4 i-2PhS0 4 + 3Pb(NO, i ) 3 + 211,0. 
Chromic hydroxide in presence of alkali is oxidised to a chromate : 
2Cr(0H), + 10KOH + 3Pb0 t - 2K 2 (V0 4 4 3K 2 Pb0 2 + 8H 2 0. 

Lead dioxide is a rather weak acidic oxide forming plumbates. 


When litharge and quicklime are heated in air the mass takes Up oxygen 
to form calcium orthoplumbate : 4CuO r 2 PbO 4 0 2 - 2(’rt 2 Pb0 4 . On heutitw 
more strongly this decomposes, ovolving oxygen, and tho method w r as om* 
used in preparing oxygen from tho atmosphere. 

Potassium or sodium metaplumbate is formed when lead dioxide is add I 
to potassium or sodium hydroxide fused in a silver dish : 

Pb0 2 r 2KOII K sjPbOj + H a O. 

The pkun bates crystallise as K 2 J*b0 8 ,3H 2 0 and Na s PbO„3H t O' and h 
been formulated as K s lPb(OH)*j and Na 2 [Pb(OH) 6 |, but the sodium 
can be dehydrated at 110° without decomposition and seems to con* 
water of crystallisation. They are hydrolysed by water, PbO* 
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VT 7T t ££\ ^7,^? af ' i ; ) M ’ I>,,() ’ is k “. but metaplumbic 
ae»d HsFbOa or O - I b(OH) 2 is depositod as a black powder on the anode 
by el6ctroly«mg a sightly alkali.,,, solution of sodium lead tartrate. 


Minium, or red lead, may be regarded as plumbous orthopJumlmte Pb.PbO, 
Lead sesquioxide Pb 2 0 3 is a. yellow powder precipitated by sodium'hvpo- 
Chlorite from a cold solution of litharge in sodium hydroxide: 2PbO 4 - 
NaOtl- PbgOjj + Nal I, or by mixing solutions of potassium plmnbito and 
plumbate. It is decomposed by dilute nitric acid into lead nitrate and toad 


dioxide and may be regarded as plumbous mcla.pl um bate PbPbC) v Load 
dioxide heated in air at 3f>0 * forms Pb,/)* and at. 440 Pb 9 0 ( . 


If lead dioxide is dissolved in cold concentrated hydrochloric acid and 
chlorine passed ill, a dark-brown solution containing hydrochloroplumbic 
acid HglPbOlg is formed. On addition of ammonium chloride this gives a 
yellow precipitate? of ammonium chloroplumbate (NH 4 ) g PbCl 6 . When this 
is added to cold concentrated sulphuric acid the free acid H 2 Pb01 e 
breaks Up at once and yellow liquid lead tetrachloride or plumbic chloride 
PbCl 4 is deposited. I his readily decomposes (sometimes explosively) 
on warming, with evolution of chlorine : PbCl 4 PbCI 2 + Cl 2 . Lead 
dioxide dissolves in hot concentrated hydrochloric acid with evolution of 
chlorine and formation of PbCl 2 . 

On the addition of a little water, PbCI 4 forms a crystalline hydrate 
but it is readily hydrolxsed to a brown precipitate of hydrated lead 
dioxide. The ion Pb"" (like 8n"‘ ) is very unstable ; the insoluble 
dioxide is usually formed when the ion might be expected : 

Pb* i 30 H - Pb0 2 + H + ILO. 

Lead tetrafluoride PbF,, is formed by dissolving red lead or freshly pre- 
pared lead dioxide in 90 per coni, hydrofluoric acid. It forms complex 
salts, Na a PhP 6 and Hb,PbF 4 ; K n IIPhF H is formed by fusing lead dioxido 
with KHF a and crystallising from concern rated hydrofluoric acid. 

By electrolysis <4 sulphuric a<*id, density i-7- 1*8, below 30° with a load 
anode in a porous pot, plumbic sulphate Pb(SO,) 2 is formed in yellow crystals 
decomposed by water: PhSO, *SO f - Pb(S() 4 ) 2 ; Pb(S() 4 ) 2 + 2H a O - 

Pb0 2 -f 2H 2 S0 4 . Tt is probably formed in the overcharged lead accumulator. 

Lead tetra-acetate Pb(( separates on cooling in colourless needles 

from a solution of red lead in Lot glacial acetic acid (load dioxide is in- 
soluble). It is decomposed by water, lead dioxide being formed, ‘but it is 
the most stable plumbic salt. 

A gaseous lead hydride has been described but ns existence is very * 

doubtful. 

The atomic weight of lead has been found from the ratios PbCl 2 : 2AgCl 
and PbBr 8 : 2AgBr, The valency is determined from the atomic heat and 
the vapour density of lead tetraethyl Pb(L 2 H J,. The atomic weight of lead 
is of special interest as it varies somewhat- with the source from which the 
lead is derived when it- has been formed in the radioactive decay of 
uranium (Pb ~ 200) or thorium (Pb - 208) ; ordinary lead has the atomic 
weight 207*2 and is a mixture of isotopes. 
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Germanium 

Germanium was discovered by Winkler in 1886 in a Freiberg mineral 
argyrodite GeS 2 ,4Ag 2 S (5 to 7 per cent Ge). It is found in small amounts in 
euxenite, some zinc ores, and the ash of some coals. One method of extrac- 
tion depends on the distillation of the volatile GeCl 4 with hydrochloric acid, 
any gallium in the solution being extracted with ether, but a bettor process 
is to extract both gallium and germanium with sodium hydroxide solution : 
it can be puritied by electro-deposition (»Sebba and Pugh, 1937). The oxide 
Go0 2 is reduced at a red heat by carbon or hydrogen, and the metal is pre- 
cipitated by zinc from solutions of its compounds. It is greyish -white, 
brittle, forms octahedral crystals, and is insoluble in hydrochloric acid but 
soluble in nitric acid or aqua regia,. It doos not oxidise in air, but burns 
when heated in oxygen, chlorine or bromine vapour. 

Germanium, like tin and lead, forms two series of compounds, the german 
ous compounds GeX 2 and the better known germanic compounds G©X 4 . 

The germanium hydrides GoH 4 , Ge 2 H fi . and Ge 3 H 8 resemble silicon hydrides 
and are prepared by the action of dilute hydrochloric acid on magnesium 
germanidc Mg 2 Oe (made by heating magnesium and germanium in 
hydrogon) condensation from the mixture with hydrogen, and fractional dis- 
tillation (see p. 606). Monogermane Cell 4 is a gas also prepared by the aotr >n 
of a solution of ammonium bromide in liquid ammonia on Mg 2 < le : Mg 2 Ce 
4NH 4 Br~2MgBr 2 + GoH 4 -{-4NH ; „ and is evolved with hydrogen by tin 
action of dilute sulphuric acid and a germanium compound on zinc (Voogelm, 
1902). 

Germanic oxide Ge0 2 is white and crystallises in two forms, isomorphism 
with quartz and cassiterite (SnO ). It is non-volatile, sparingly soluble m 
water but soluble in hydrochloric acid forming GeCl 4 , and in alkali forming 
a germanate, e.g. Nn 2 OeO.,. The hydroxide is not. known and alkalis do not. 
precipitate germanic salts. 

Germanic fluoride GeF 4 is a colourless fuming gas prepared similarly t<> 
SiF 4 and forming H a GeF f with water. Germanic chloride GeCl 4 is a colour- 
less fuming liquid, b.pt. 86°, formed by beating germanium in chlorine, or 
the metal or CeS 2 with mercuric chloride. It is hydrolysed by water but 
distils from concentrated hydrochloric acid. Germanium chloroform GeHCI, 
is a colourless fuming liquid, formed (with some GeCl 2 ) by passing 1101 gas 
over heated germanium. Germanic sulphide GeS 2 is formed as a wlm- 
precipitate with 11 2 S in presence of excess of IK 1 ] : it is readily soluble 
in alkali and ammonium sulphides, forming thiogermanates, from which ii h 
reprecipitated by a large excess of acid. 

Germanous hydroxide Ge(OH ) 2 is formed as a yellowish-red precipe ■<' 
by the action of alkali on germanium chloroform : 

GeHCla + 3NaOH rr Go(OH) 2 + H 2 0 + 3NaCb 

On heating it forms grey germanous oxide GeO. The hydroxide dissolve^ 11 
alkali to form a gennanite, e.g. Na 2 GeG 2 . Reddish-brown germanous sulpl ie 
GeS is formed by heating CeS 2 in hydrogen : on further heating it lb’ 
germanium. 

The similarity of germanous and germanic compounds to stannous b 
stannic compounds is evident. Unlike tin, howovor, germanium forms b' 
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covalent compounds ; there are some stannous salts and salts of bivalent 
load are common. 


Titamtjm 

Titanium was discovered by Oegor in 1789 m H black sand in Cornwall, 
now called ilmenite or litaviferous iron ore , also found in Nova Scotia, and 
Now Zealand : it is ferrous titanate FoTiO,. The dioxide TiO, occurs in 
three fonns (ef. SiCX) : rutile , tetragonal prisms iso?norphous with eassi- 
terite Sn0 2 , density 4*21 ; anatase, slender tetragonal pyramids, density 
3-88 ; and brook ite, fiat rhombic: prisms, density 4* 17. TiO., is very widely 
distributed in iron ores, silicate rocks, clay, bauxite, coal and soil, arid most 
commercial iron contains titanium. Titanium also occurs in small amounts 
in plant and animal tissues and bones. 

Ferrotitanium, made in the electric furnace, is used to remove oxygen 
and nitrogen from molten steel, ami steel containing some titanium lias 
toughness and resistance to wear, e.g. as rails. Hydrated titanium dioxide 
mixed with barium sulphate is used as a pigment {titanium white)> titanium 
dioxide is used in tinting artificial teeth and in making a yellow glaze for 
porcelain, and a solution of the trichloride Ti( h in dyeing as a mordant and 
in removing dyes from fabrics. 

Titanium dioxide is manufactured from ilmeniln by three processes : 
(i) The ac/ul process {used in Norway) in which the powder is heated with 
concentrated sulphuric acid, the iron and titanium sulphates dissolved in 
water, and Ti0 2 precipitated from t lie solution by hydrolysis, (ii) The 
alkaline process (used in the l T .S.,\.) in which the mineral is fused 
with sodium sulphide and the mass extracted with water ; FeS and 
TiO, remain and the FoS is dissolved in a solution of sulphurous acid, 
(lii) The chlorine promts, in which a mixture of ilmeuite and carbon 
is heated in a stream of chlorine at 350° to chlorinate the iron and 
then at 550 u , when volatile Ti(’l, distils and is then hydrolysed by water 
to TiO,. 

Metallic titanium was first- obtained impure as a black powder by T3er- 
zelius in 1825 by heating potassium fluotitanate K 2 TiF 6 with sodium. A 
purer metal (containing 2 per cent of carbon) was made by Moissan (1895) by 
reducing excess of TiO, with carbon in the electric furnace and remolting 
the metal with TiO a . Pure titanium is difficult to obtain as it- readily com- 
bines with oxygen, nitrogen, carbon and silicon : most of the early speci- 
mens contained carbon and nitrogen, e.g. the copper-coloured cubes found 
in some blast furnaces are a mixture of the nitride TiN and graphite. 7 ho 
pure metal is obtained by (i) heating lipoid TK'l 4 with sodium in a closed 
iron bomb, when so much heat is evolved f, hat the titanium (m. pt. 1800°) is 
partly fused (Nilson and Peftersson, 1SS7); (ii) heating 1 i() 2 and calcium 
in a vacuous iron vessel ; (iii) strongly heating a tungsten filament in TiJ* 
vapour (van Arkel and de liner, 1925). Titanium forms white very hard 
brittle hexagonal crystals, density 4 50; it welds at a red heat-. When heated 
•t burns in oxygon and decomposes steam ; it dissolves in cold dilute 
sulphuric or hot concentrated hydrochloric acid with evolution of hydrogen 
forming titanous salts containing the ion Ti , and it burns in nitrogen at 
800° forming the nitride TiN. 
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Titanium forms three series of compounds in which it is 4% 3«, and ,2- 
valent, the important ones being the 4- and 3-valont. Seine compounds 
Contain the titanyl radical ~-=Ti -O. ; 

Titanium dioxide (‘an be prepared from rutile (Wbhler, 1840)- by fusing 
with K 2 C0 3j dissolving in dilute HE and crystallising K/riK 6 ,H 8 0 (glitter- 
ing leaflets) ; front a solution of this in hot water ammonia precipitates 
white hydrated TiO a ( titanic acid ), on locating which TiO* is formed as a 
white powder, yollow 'when hot. Titanium dioxide dissolves in hot con- 
centrated sulphuric acid to form titanyl sulphate, which forms crystals, 
Ti0(S0 4 ),2H 2 0. A solution is used as a tost for lf 2 0 3 (p. 106), the yellow 
or orange colour being due to pertitanic acid, which is formed as a bright yellow 
precipitate on adding HX)., and ammonia to n solution of TiCl 4 in alcohol. 
Tlie old formula is TK) 3 ,3H 2 0, but it is probabh (HO) 8 ‘-_Ti 
Titanium dioxide also shows weakly acidic properties, forming titanates , 
e,g. K a Ti0 8 ,4ll 2 0. Those are derived from supposed titanic acid#, c.g. mota- 
titanic acid H/TiO a , precipitated on boiling a solution of titanyl sulphate 
and acetic acid for some hours (Zr is not precipitated), but the products 
all show only the X-ray spectrum of TiO* as rutile* or anataso. 

Titanium tetrachloride TKV b.pt. J3f>-4 , is a colourless strongly fuming 
licpiid (used along with ammonia for smoke-screens) prepared by passing 
chlorine over heated titanium or a mixture * >1 Ti() 2 and carbon, or chlorine 
or CGI* vapour at a high temperature* o\ or Ti(K : 2(4 ? 1 Ti0 4 --‘Ti(4 4 
It is soluble in water hut is hydroivsod )>y excess, depositing hydrated Ti0 2 : 
with NH4CI and hydrochloric acid it forma yellow crystals of the compound 
(NH 4 ) 2 TiCM e ,2H/h 

Brown titanic nitride Ti 3 N 4 is formed b\ the action of liquid ammonia 
and KNH 2 on Tilir* (Ruff and Treidel, 1912) : it is decomposed by heat 
into TiN and nitrogen and by water into TiOj and ammonia. Titanium 
disulphide TiS 2 is formed in yellow scales (like SuS 2 ) by passing Til f l 4 
va])our and H a S thiough a heated tube. 

The most important compound of 3-valont titanium is the titanium 
trichloride TiCl 3 , formed in dark violet scales on passing a mixture of Ti<h 
vapour arid hydrogen through a heated tube (Ebelmen, 1847). On hoatiug 
ip hydrogen chloride it forms TiCl t : 2Ti(1 8 *• 211G1 2TiCl 4 -i-H 2 . The 
solution (which is deep violet when pure but mky black if TiGJ* is present; 
is formed by reducing a solution of Tj(*1 4 111 hydrochloric acid with zinc- 
It is a powerful reducing agent {< jj. reducing perchlorate to chloride). 
Two forms of the solid hydrate TiGI „0ll 2 O, violet and green, aro known (cj. 
CrCl 3 ,6H 2 0). Alkalis precipitate from Ti('l*» solution the dark-brown or 
blue hydrated sesquioxide Ti/) :j or Ti(()IJ; >{ ; anhydrous Ti 4 0 3 (a bla^k 
powder or red crystals) is formed by heat mg TiO* strongly in dry hydrogen. 
The bronzo-yoliow titanous nitride TiN is formed from the demon ts or b\ 
heating Ti0 2 in ammonia gas at 1400 -1500° (Ruff, 1909). It- contains 3 
valent titanium Ti— N, as is shown by dissolving in dilute H a S0 4 and Hf 
and titrating with KMn0 4 . 

Stable violet rubidium and caesium titanium alums MTi(S0 4 ) a ,12H 2 0 an 
formed by electrolytic reduction of a solution of TiD 2 and alkali sulphate i 
sulphuric acid. 

Bivalent titanium occurs in the black titanium dichloride Ti0l a formed b 
trading TiCl s in vacuum at 400" : 2TiCl a ^ TiCI# 4 TiCl 4# or in hydrogen • 
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blight redness in enlito absence of ox\gen <hkI moistuie (Fnodol and 
Guerin, J875) : it smoulders on In aim., in mi forming 'JiUl* and T1O2* 
evolves hydrogen with Mat or and four* a f.mn solution m concentrated 
hydrochloric arid. Titanium monoxide lit) is hunted by limiting TiO, m 
hydrogen at 2000° at 1 50 atm pi l SS»l) t 

ZllU n\ n M 

Klaproth m 1789 discovend /iKotmim dioxide m zn<nn ZrSiO t , gem 
forms of winch arc < ho htjm mih md /i/h/wi /im ri omus in alluvial sands 
ill Ceylon, the Uials, Australia and North ( umhrm HadddmiU , found m 
Ceylon and llra/il, is tin oxidt ZiO and is t Ik chief source. Ziylufe, o, 
mixture of oxide and silicate, is found it Mm is (,<ims, Jba/il. Motalhe 
zirconium was first prepared in JWzeims m 1S24 In heating T\ 2 ZrF 6 with 
potassium or sodium K 3 Zi 1 „ IK r /\ uKI 

Zircon is fused with sodium In dioxide md the miss boiled with water, 
when sodium silicate dissohcs md lnijmu iinmmun dioxide remains. 
J5addeleyite is bodod with concentred* 1 1 1 y r 1 1 oc him ic mid to remove 
impurities and then boiled with < >ne< ntmte d snlpluui< w id, when zirconyl 
sulphate ZrOS() 4 (a < ompouud of the ziroonyl radical Zr — O) is formed A 
solution of tins is }>ucipit dod wnh aimnonn and tlio hydiatod piocipitate 
heated to form /iiomnmi dioxide Zirconium dioxide mixed with rare 
earths is used to make Vinst hi mounts, which conduct electrolytieally 
wh$n hot. Zirconium di ixidt i t <oma) Ins a \ei> high m j)t (2700 ) and 
is used for lofiactonc and white enamels 1 lie prec ipitated hydrated 
zirconium dioxide is s lublc m acids hut ms >lul>le m alkalis but ZiO a on 
fusion with alkalis joints -numutt s < </ N i Zr() 3 

Metallic zirconium is deposited iti i \ti\ pun date on <i tuugstou filament 
electrically heated m tho\ ipom <>l /\u omum lodido Zil, Zi 4 2T„ When 
pure it is soft, but it ini ilh hums h*ud white scales of high m pt It 
forms a tough, Imllc t pi oof alien siu l It is <>nl\ slowh attac ked by acids, 
except by<hofluoru mid md acju i u^u On heating m hxdrogun it forms 
black zirconium hydride 

Zirconium is picdomin with cju aim <dc ut , but Zr( I-, and ZrUI* are 
known, Hydiogen punxide preupititos /in omum quant datively as 
fc {H()) s Zr — O — OH Zirconium tetrachloride 7i( 1, is a white solid, subliming 
ftl 300 , formed by parsing <h\ chlomu ovci a strongly heated mixture 
of ZrO* and carbon II is hvdioh <d bv w itci and white needles of 
zirconium oxychloride /i()< 1 si 1 () an foinitd on c v upending a solution in 
hydroehloru at id. On he it mg Zil l t md ilumimum m hydiogen at 300° 
brown zirconium trichloride Zt( l t is formed u 1 on he xtmg this m vacuum 
at 350° it gjyes bhuk zirconium duhloride 2/ it 1, ZiCi„ f Zil 1 4 Zirconium 
tetrafluoride ZrF 4 is a white solid fomud bv the action of anhydrous 
Indrofluono acicl on the tetiuc hlon 1< Zd I, t Hli ZiF t 4 4H(T. It 
forms flUosareonates lb an l K ,/i 1 (< out unmg 1 la ion ZrF- ") 

Zirconium forms an indehnite bam carbonate, fit ihups c onttiinuig ZrOU0 8 , 
Zirconium nitrate Zt(\ t O,) 1 .*>H O nu\ 1 m i /ircoml compound 
lZr0)H 2 (iN0,) 2 ,4H40, and flieie t basic mtiato Zi()(N() 4 )ji, 2H 8 0 ; th© 
< ojnTnoteial salt is indefmdelv base 

Nodium phosphate pmipdato** zirconium phosphate Zi H 4 .(I*0 4 )«, msoiubl© 
'n HCi but soluble in 11F (serving to sepaiatc* Zr hum all oloiuouts except 
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Hf ) : on heating it forms ZrP, 2 0 7 . Zirconium disulphide ZrS 2 , stable to water, 
is formed by heating ZrCl 4 with H a S or sulphur vapour. Zirconium sulphate 
Zr(80 4 ) a is formed by dissolving Zr0 2 in hot concentrated sulphuric 
acid, evaporating and heating the residue. It crystallises from water as 
Zr0(S0 4 ),H a S0 4 ,3H 2 0, or H 2 [Zr0£S0 4 ) 2 l,3H 2 0, which readily loses 3H*0. 
A neutral zirconium solution gives with potassium sulphate a precipitate of 
an indefinite basic double sulphate, insoluble in HCl (separation of Zr from 
Ti, Nb, Ta). 


Hafnium 

The element hafnium was discovered in an X-ray examination of zirconium 
minerals by Coster and Hevosy in 1 923. It occurs in all zirconium minerals, 
usually 0*1 per cent or less, althogh baddeleyito contains 1 to 2 per cent and 
zircon up to 7 per cent. Alvlte (Zr,Hf,Th)Si0 4 , and malacone , an altered 
form of zircon (with occluded argon), contain up to 60 per cent. It gives 
practically all the reactions of zirconium and is found in most commercial 
zirconium compounds (3 per cent in ordinary zireonia). It is best separated 
from zirconium by fractional crystallisation of the double fluorides 
(NH 4 ) 2 ZrF 6 and (NH 4 ) 2 HfF 6 (more soluble). The crystal of the double 
fluoride (NH 4 ) 3 HfF 7 contains (NH 4 ) 2 HfF 6 and NIT 4 F units (cf. Zr). The 
white metal (m. pt. 2200°), obtained by heating K 2 HTF C or HfCl 4 with sodium, 
or heating a tungsten filament in Hfl 4 vapour (de Boer, 1 930), has been added 
to tungsten lamp filaments. The white dioxide HfO, (in. pt. 2812°) is re- 
fractory and is more basic than Zr0 2 . The white solid chloride HfCl 4 Is 
more volatile than ZrCl 4 and sublimes at 250°. The carbide Hf'C and double 
carbide Hf(\4TaC have probably the highest m. pts. (over 4000°) of any 
known substances. Other compounds are the sulphide HfS 2 and sulphate 
Hf(S0 4 ) 2 decomposing at a higher temperature (500°) than Zr(S0 4 ) 2 . 


Thorium 

Thorium was discovered in the Norwegian mineral thorite ThSi0 4 by 
Berzelius in 1828. Thoriar\ite t found in Ceylon, is chiefly thorium oxide 
j(70~80 per cent Th0 2 ) with some uranium, lead and rare earth oxides amt 
occluded helium (9 ml. per gm.). The chief source of thorium is monazite, 
a phosphate of cerium and lanthanum with about 4- 18 por cent of ThO a 
and 1 ml. of occluded helium per gm., found as sand in Brazil and at 
Travaneore in India. 

Thorium dioxide ( thoria ) Th0 2 , used for incandescent mantles mixed with 
I per cent of cerium dioxide Ce0 2 (pure thoria givos a feeble light), is 
extracted from monazite. This is heated with concentrated sulphuric acid, 
thorium phosphate is precipitated and is heated with sodium carbonate to 
form thoria, which is then purified by a process depending on the solubility 
of thorium oxalate in ammonium oxalate solution, in which lanthanum 
and cerium oxalates are insoluble. On heating the oxalate, thorium 
dioxide is formed and is dissolved in nitric acid to form thorium nitrate 
Th(N0 3 ) 4 ; the commercial nitrate is approximately Th(N0 3 ) 4 ,4H 2 0. Oc 
heating the nitrate it decomposes, swells up, and leaves pure white thorium 
dioxide. Thorium dioxide is added to the tungsten filaments of some kind* 
of electric lamps. 
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Metallic thorium, rn, pt. 1845°, is difficult to obtain pure, as it combines 
with hydrogen, oxygen, nitrogen, and carbon. It may be prepared by 
heating a mixture of thorium tetrachloride arid sodium : ThCl 4 + 4Na~ 
Th + 4NaO. It is white, soft when pure, hums brightly in air on heating, 
and is readily soluble in hydrochloric acid. A solid thorium hydride ThH 4 
is formed with emission of light when thorium is heated in hydrogen. 

Thorium peroxide, perhaps (HO),Th-- 0— OH, with no acidic properties, is 
quantitatively precipitated by hydrogen peroxide from solutions of thorium 
compounds. Thorium tetrachloride Th( ’l 4 is a white solid, formed by burning 
tho metal in chlorine, or heating a mixture of Th() 2 and carbon in 
chlorine, or heating Th(> 3 in carbonyl chloride C()C1 2 or a mixture of 
chlorine and the vapour of sulphur chloride S 2 CI 2 . It is not hydrolysed by 
water and behaves as a salt, A basic thorium carbonate is precipitated by 
alkali carbonate and is soluble in excess, but the solution becomes turbid 
on heating. Thorium sulphate Th(S0 4 ) 2 is made by dissolving thorium 
dioxide in concentrated sulphuric acid, evaporating, and heating to drive 
off the excess of acid ; it forms a number of hydrates. The hydrate with 
9H 2 0 increases in solubility with rise of temperature, whilst that with 
4H 2 0 decreases. The common hydrate is with 8IL0. Acid sulphates 
H|[Th(S0 4 ) 3 ] and HalThjbSOd^IljOhJ and many double sulphates, e.g . 
K 2 [Th(S0 4 ) fl J,4H 2 0, (NH 4 )JTh(S0 4 ) s | f 3H l O and (NH 4 ) 8 ([Th(8() 4 ) 6 J,2H 2 0 
are known. There are also double nitrates, c.</. (XH 4 )»Tli(N0 3 ) e . The radio- 
activity of thorium is dis< iihwd on j>. 401. 

It should he noted that thorium alone among the elements of its sub- 
group (Ti, Zr, ilf, Th) forms salt-like halides, and it readily forms oxy-salts, 
whilst the others in their fpiadmalent state mostly lorm covalent com- 
pounds. Tho compounds Till - and ThT.,. containing bivalent and torvaient 
thorium, are formed by heating TTiI t with metallic thorium powder. The 
tetra-iodide Thl 4 is formed by heating thorium in iodine vapour. 
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The elements of the fifth group (apart from radioactive elements) are : 

Sub-group a or even series: vanadium, niobium (or columbium) and 
tantalum. 

Sub-group b or odd series : nitrogen, phosphorus, arsenic, antimony, 


and bismuth. 

Sub-group a 

(Even Series) 



V 

Nb(Cb) 

Ta 

Atomic number 

23 

41 

73 

Electron configuration 

2-8-11-2 

2 818 12*1 

2*8 18 32 11 2 

Density - 

5-8 

8*50 

10*8 

Atomic volume 

8-8 

10*85 

10-9 

Melting point - 

17 10"' 

1 950° 

2850° 

Boiling point - 

3000' 

3700" 

>4100° 


The elements of the even series are all less common metals of high m. pt. 
and are transitional elements (p • 370). 


Sub-group h (Odd Series) 




N 

P 

As 

Sb 

Bi 

Atomic number 

- 

7 

15 

33 

51 

83 

Electron configuration 

2*5 

2*8*5 

2*8-18-5 

2*8*18 18*5 

2-8-18* 

Density of solid 

- 

10205 

1-83* 

5-73f 

0*71 

9*80 

Atomic volume 

- 

13*65 

16*96 

13*08 

18-25 

21*32 

Melting point - 

- 

- 210 " 

44- r 

814-5'' 

630-5" 

271" 

Boiling point 

- 

- 195*8° 

287" 

615° 

sublimes 

1 380 

1450° 


The odd series contains both non-metals and metals. Nitrogen and 
phosphorus, already dealt with, are definitely non-metals (although a 
“ metallic " conducting form of phosphorus is known), antimony and 
bismuth definitely metals, whilst arsenic stands on the threshold be- 
tween non-metals and metals and as such is sometimes called n metalloid. 
It will bo considered here along with the metals. The elements all have 
low m. pts. and (except Sb and Bi) low b. pts. and form molecules in the 
vapour state composed of more than one atom : N 2> P 4 , As 4 , Sb 4 (?)♦ 
Sb 2 (?), and Bi 2 , the metals being peculiar in this respect, since most 
metals are monatomic. All these elements exist in allotropio forms. 

The predominating valencies in the group are 3 and (except for nitro- 

* White P. fy-arsenic. 
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gen) 5, although other valencies such as 4 (especially in the even series) 
are known. Nitrogen forms oxides, N 2 0, NO, N0 2 , in which it has 
apparently anomalous valencies ; although these are paralleled by 
oxides of vanadium, with nitrogen they usually result from peculiar 
linkages. The elements of the odd series all form compounds with 
metals in which they show their normal valency (cf. p. 07ts : Mg.,Ng, 
Ca 3 P 2 , Na 3 As, Zn 3 Sb 2 , Mg.,Bi 2 . 

The gradation of electrochemical character is well shown with the 
gaseous hydrides formed by all elements of the odd series. Ammonia 
NH* is a fairly strong base, forming halide and oxysalts containing the 
ammonium ion NH 4 . The other hydrides (except, perhaps PH 3 ) are not 
formed directly from their elements ; phosphine PH 3 is very weakly 
basic, forming phosphoiuiun lialides Plf 4 \, all decomposed by 
water ; the hydrides ursine AsH., and stibine SbH 3 have no basic 
properties ; the very unstable bismuth hydride BiH ;i (?) is soluble in 
alkalis and may be feebK acidic. The elements of the even series do not 
form hydrides. Elements of the odd series all form compounds with 
hydrocarbon radicals, including Bi(OH 3 ) 3 , etc. ; these arc not formed 
or are doubtful with elements of the even scries. 

The chlorides of the odd series are predominantly covalent ; with 
nitrogen only NC1 3 is known and with arsenic and bismuth only As01 3 
and BiCl 3 , but AsF 5 and BiE, exist ; all the other elements form RC1 3 
and RClfi, and in the even series chlorides corresponding with other 
valencies. Fluorides RF 3 an' known with all the elements and RF 5 with 
P,As and Sb .* Nitrogen chloride hydrolyses in a peculiar way, forming 
hypochlorous acid (p. f>2b), the trihalidos of phosphorus are completely 
and irreversibly hydrolysed by excess of water into HX and the corres- 
ponding oxyacids ; arsenic chloride exists in equilibrium with excess 
of hydrochloric acid : 2As( 1 l 3 +3RL0 * * As 2 0 3 4- (>H01 i antimony and 
bismuth trichlorides are only partly and reversibly hydrolysed to basic 
compounds, e.g. BiCl 3 + H 2 0 ^ BiO 01 + 2H01. The higher chlorides 
PC1 6 and SbCl 6 are dissociated by heat : Sb01 5 ^ Sb01 3 f Cl 2 , etc. PC1 6 
oh hydrolysis forms an oxyhalide, P0(U 3 , which by further action of 
water loses all the halogen and forms phosphoric acid. 

The stability of the halides MX 6 increases from V to Ta ; only VF 6 is 
known, but tantalum is remarkable in forming a penta- iodide Tal 5 . 
Double fluorides of varying formulae are known: .rKF,V0 2 F, 
a:KF,NbOF 3 and a:KF,TaF 5 ; from solutions containing excess of HF 
double fluorides containing VOF 3 and Xb f 5 are formed. 

All the elements form many oxides, including the typical acidic 
pentoxides Il 2 0 5 . In the odd series only phosphorus, but in the even 

* Iodides Rl* and HI, <W B is doubtful), also P a l 4 , arc known, but ordinary 

nitrogen iodide is NI 3 *NH 3 . 
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series all the elements, form pentoxider directly ; the acidic character 
of these diminishes with increasing atomic weight. In the even series 
the acidity of the pentoxides decreases from V to Ta, V 2 0 5 being quite 
strongly acidic, but the oxides Nb 2 0 6 and Ta 2 0 5 are more like the weakly 
acidic Ti0 2 and Zr0 2 . Vanadium, niobium and tantalum readily com- 
bine with oxygen and their compounds are reduced with difficulty, 
while the oxides of the odd series elements (except phosphorus) are 
easily reduced. All the elements form trioxides R 2 0 3 and most of them 
form dioxides R0 2 or R 2 0 4 . 1 n the even series these are basic, but in the 
odd series the trioxides are acidic with N, P, and As, amphoteric with 
Sb, and basic with Bi. The inc rease in basic properties with increasing 
atomic weight of the element should be noted. 

All the elements except nitrogen form sulphides by direct combina- 
tion. Those of nitrogen and phosphorus have peculiar formulae and 
are easily hydrolysed ; those of the other elements of the odd series are 
typical, R 2 S 3 and B 2 >S 5 (except that bismuth forms only Bi 2 S :i ), while 
those of the even series correspond with varying valencies. Many sul- 
phides form thio-salts such as Na 3 AsS 4 with sulphides of alkali metals. 

Although vanadium compounds can be reduced to the stage V 11 in 
solution, niobium stops at Nb ,ri and no salts below Nb v have been 
isolated from solution ; Ta v is not reduced by nascent hydrogen. 
Although V 2 O 0 can be reduced (with difficulty) to metal by hydrogen 
at a high temperature, Nb 2 0 5 and Ta 2 0 5 are not reduced. Vanadium, 
niobium, and tantalum form no nitrates or carbonates, and niobium 
and tantalum no salts with weak acids, which are ill-defined even for 
vanadium. 

Arsenic 

History. — The rod mineral realgar Ah 2 S 2 and the yellow mineral orpiment 
As 2 S 3 were known to the ancients. Olyrnpiodoros (fifth century) describes 
white arsenic (arsenious oxido As/).,) obtained by roasting the sulphide in 
air, and the element itself was obtained as a sublimate and was used for 
whitening copper. The composition of white arsenic as the calx (oxide) of 
“ metallic ” arsenic was recognised by Brandt in 1733. 

Occurrence. — Native arsenic occurs in the Harz and in Japan. 
Compounds which occur are the sulphides realgar and orpiment, the 
oxide arsenolite As 3 0 3 , lollingite FcAs 2 , niccolile NiAs, chloanthite 
NiAs a , nickel glance NiAsS, smalt ite or tin-white cobalt (Co,Ni,Fe)As 2 , 
arsenical pyrites or mispickel FeAsS (isomorphous with pyrites FeS 2 ), 
and salts of arsenic acid, pharmacolite CaHAs0 4 ,2H 2 0, erythrite or 
cobalt bloom Co 3 (As0 4 ) 2 ,8H 2 0, and mimetite 3Pb 3 (As0 4 ) 2 ,PbCl 2 . Native 
sulphur, iron pyrites and other sulphide ores often contain arsenic, and 
sulphuric acid made from arsenical pyrites may contain 1 per cent of 
As 2 Oa* Coal smoke, especially in yellow fogs, may contain arsenious 
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oxide, from pyrites in the coal. Traces of arsenic occur in some mineral 
waters, in the soil (1-60 p.p.m.), in the adult human body (0*1 mg. per 
kg.), ©tc. American tobacco (6-30 p.p.m.) and the fresh edible parts 
of shell-fish (7-90 p.p.m.) contain unusually large amounts of arsenic. 

In roasting minerals, e.g. cobaltite , in metallurgical treatment fumes 
of arsenious oxide may be evolved and condense in flues as a powder : 

40oAs8 + 90 2 = 4CoO + 4S0 2 + 2 Ah s 0 3 . 

This is obtained in larger amounts by roasting arsenical ores such as 
mispickel in a current of air. Most of the arsenious oxide used is ob- 
tained from fine dust in copper, lead and tin smelting, especially in the 
U.S.A., Mexico and Sweden (where one smelter, on the Gulf of Bothnia, 
could supply the world requirement of As 2 0 3 ). The crude oxide is 
sublimed in iron pots to form white arsenic (popularly called simply 
“ arsenic ”), the commonest arsenic compound. 

Most of the arsenic is used in alloys with lead and copper ; as arsenite 
in weed-killer and sheep-dips, and copper, lead and calcium arsenates in 
sprays ; as oxide as a poison for vermin, preserving skins, in glass- 
making for removing colour, in enamelling, pyroteehny, wood pre- 
serving, and making pigments and mordants. 

Arsenic. — The element is obtained by heating the trioxide with char- 
coal in a clay crucible covered with an inverted iron cone, into which 
the arsenic sublimes as a grey powder : As 2 0 :l + 30 — 2As 4 300 ; or by 
heating arsenical pyrites or mispickel in a day tube fitted for half its 
length with an inner tube of sheet iron, into which the arsenic sublimes 
as a nearly white crystalline mass, which is split off by unrolling the 
iron tube : FeAsS FeS -v As. It is purified by subliming from char- 

coal powder. Arsenic sulphides are not reduced by heating with carbon, 
but are reduced when heated with potassium cyanide : As 2 S 3 + 3KGN = 
2As + 3K0NS. 

Heat a little arsenious oxide in a dry test-1 ube with dry powdered char- 
coal and potassium cyanide. A black mirror oi arsenic sublimes. On heat- 
ing, this oxidises to a white sublimate of arsenious oxide. 

Arsenic, like phosphorus, exists in allotropic forms (the designations 
a and y are sometimes interchanged) : 

(1) a-arsenic or yellow arsenic, cubie, density 2'02(> at IS , soluble in carbon 

disulphide, and corresponding with white phosphorus ; it is very 
unstable and readily passes into y- arsenic. 

(2) /^-arsenic or black arsenic, amorphous, density 4*71, insoluble in carbon 

disulphide, corresponding "with amorphous phosphorus, less stable 
than y-arsenio. 

(3) y-arsenic or grey arsenic (" 4 metallic arsenic ), rhombohodral, density 
: 5-73, insoluble in carbon disulphide, and corresponding with metal- 
lic phosphorus ; it is the stable and common form of arsenic. 
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Yellow arsenic or a- arsenic, first noticed by Bettendorf in 1667, is 
obtained (similarly to white phosphorus) by quickly cooling arsenic 
vapour. Arsenic is distilled in a current of carbon dioxide and the gas 
is passed into a U-tube, where it meets a current of cooled carbon di- 
oxide* and is then passed into cold carbon disulphide, which dissolves 
the yellow arsenic (8 g. in 100 nil. at 20°). The solution on evaporation 
in the dark deposits light-yellow regular crystals, which rapidly oxidise 
in air at room temperature* w ith a faint luminescence and a garlic odour. 
It rapidly passes into y-arsenic when exposed to light, even at - 180°. 
Yellow arsenic is formed quantitatively bv volatilising y-arsenic in 
vacuum and cooling the vapour with liquid air. Its molecular weight 
in carbon disulphide solution corresponds with As 4 , 

Stannous chloride when heated with a solution of arsenious oxide in 
hydrochloric acid gives a brown precipitate of arsenic (Bette rid orff's test), 
part of which is a-arsomc, soluble m carbon disulphide. The yield is in- 
creased if the mixture is shaken w it f \ carbon disulphide during the reduction, 
since Hie solution of a-arsomc is more stable than the solid. 

Black arsenic or /3-arsemc is formed when grc\ arsenic is rapidly heated in 
a glass tube in a current of hydrogen, when it deposits on the cooler part 
(200 u -220) of the tube as a shining black mirror, some grey arsenic being 
deposited nearer the heated part (Berzelius, 1814). It is not appreciably 
oxidised by air even at 80 , but at 300 it passes into y-arsonic with strong 
evolution of beat. 

Grey arsenic or y-arsenic, the common variety, forms brilliant tin- 
white rhombohedral crystals with metallic lustre, and is a fairly good 
conductor of heat and electricity. It is isomorphous with metallic 
phosphorus (p. 568), tellurium, antimony and bismuth. It does not 
form an amalgam. It volatilises slowly at 100° and at 450° it sublimes 
rapidly w ithout previous fusion, forming a colourless vapour, the density 
of which shows that it contains As 4 molecules. At higher temperatures 
dissociation occurs : As 4 ^2As 2 . When heated under pressure in a 
sealed tube grey arsenic melts at 814°. 

Grey arsenic is not oxidised in dry air at room temperature, but in 
moist air it rapidly becomes covered w ith a blackish -grey film contain- 
ing arsenic trioxide, which can be removed by heating alone or with a 
little iodine. Lt begins to oxidise in air about 200° and at 250°~300° it 
shows phosphorescence, the temperature at which this appears in 
oxygen depending on the pressure, as in the case of white phosphorus. 
At 400° it burns in air with a white flame, w hich is brilliant in oxygen ; 
As 4 +30^2As 2 0 a . 

Heat i gm. of arsenic in a current of oxygen in a hard glass tube connected 
with an empty flask, the exit tube passing to a U-tube packed with glass* 
wool to retain fumes of arseuioiiH oxide. The arsenic burns with a whin* 
'flame and white solid arsenious oxide is deposited in the flask. 
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Powdered arsenic takes fire in chlorine forming AsCl 3 , and inflames in 
coAtact with bromine forming AsBr 3 . It combines directly with sulphur 
arid phosphorus on heating, but not with nitrogen or carbon. Arsenic 
forms fusible arsenides with most metals ; 0-3- J per cent alloyed with lead 
makes the metal harder and more fusible, and if this fused alloy is 
poured through a sieve, the drops falling down a tower into water form 
shoti 

Hydrochloric acid dissolves arsenic only in presence of air. Dilute 
nitric acid has little action in the cold, but slowly oxidises arsenic to 
arsemous oxide when hot ; concentrated nitric acid rapidly oxidises 
arsenic to arsenic acid H 3 As0 4 , which is rapidly formed, with some 
AsC 1 3 , with aqua regia. Hot concentrated sulphuric acid is reduced to 
sulphur dioxide ; unstable arsenious sulphate As 2 (S0 4 ) 3 seems to be 
formed, but decomposes into the trioxide. Arsenic is insoluble in 
alkali solution but is attacked by fused alkali hydroxide, forming 
arsenite and hydrogen: 2As + ()Na0H«2Na 3 As0 3 + 3H 2 ; at high 
temperatures some arsenate is formed : 4Na 3 As0 3 - 3Na 3 As0 4 + Na 3 As. 

Arsenic Hydride 

Arsenic trihydride (an riw\ or arueniu retted hydrogen) is not formed 
from the elements but is produced by the action of nascent hydrogen 
on a dilute solution of an arsenic compound (Proust, 1799). A solution 
of arsenious oxide is added to a mixture of zinc and dilute sulphuric 
acid evolving hydrogen : the hydrogen acquires a very unpleasant 
smell of garlic and burns with a lilac- coloured flame. Scheele discovered 
arsine in 1775 by the action of arsenic acid solution on zinc. It is 
formed at the cathode in the electrolysis of a solution of arsenious 
oxide, by reduction of the solution with sodium amalgam, and by warm- 
ing a solution of an arsenious compound with zinc or aluminium and 
sodium hydroxide solution (Fleitmanris test , 1851 ; arsenates and anti- 
mony compounds do not give this reaction). Arsenic hydride is very 
poisonous . 

Pure arsine is prepared by passing the mixture with hydrogen ob- 
tained by the above methods through a tube cooled in liquid air, when 
it condenses, to a white solid, m. pt. — 1 16*3°, b. pt. -62-4°. On 
warning the liquid the pure gas is evolved. 

Arsine may also be prepared by the action of dilute hydrochloric acid on 
zinc arsenide, obtained by heating equal weights of arsenic and zinc in a 
closed crucible : Zn ; ,As 2 + (>H01 = 2 AhH, + 3ZnCl, ; by the action of water 
on sodium arsenide, formed by passing the impure gas over heated sodium : 
Na„As + SHsO^AsH., + 3NaOH ; by heating sodium formate (dried at 210°) 
with sodium arsenite : Na 3 As0 3 + 3HOOONa — 3Na a C0 3 + AsH 3 ; or (most 
c onveniently) by the action of warm water on aluminium arsenide, obtained 
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by heating aluminium powder and powdered arsenic in a covered crucible : 
AlAs -f 3H a O ~ Al(OH) 3 -f AsH a (the reaction may become violent.) 

On exposure to light moist arsine rapidly decomposes, with deposi- 
tion of black shining arsenic with a little yellow arsenic, but the pure 
dry gas is stable. It is decomposed by heat into its elements, the re- 
action beginning at about 230° : 2AsH 3 = 2As +3H 2 . From the ratio 
of the volumes of arsine and hydrogen, and the density of arsine, the 
formula. AsH 3 is found (Soubeiran, 1 830). Arsine is only slightly soluble 
in water and ether but dissolves readily in turpentine. It does not form 
compounds analogous to phosphonium compounds. 

The Marsh-Berzelius test.- -The formation of gaseous arsine by the 
action of nascent hydrogen on an arsenic compound, and the ready de- 
composition of arsine by heat, are applied in the very sensitive Marsli- 
Berzclius test. 

Marsh in 1830 used the deposition of arsenic on a cold surface held in the 
flame of the burning hydrogen containing arsine ; Berzelius (and Liebig) 
in 1837 passed the gas through a tube heated ab one place and obtained an 
arsenic mirror. 

Hydrogen generated from pure zinc and pure dilute sulphuric acid is 
freed from traces of hydrogen sulphide by a roll of dry load acetate paper 
in the first part of the drying tube, the second half of which is packed with 

pure granular calcium 
chloride, separated from 
the papor by a plug of 
cotton- wool (Fig. 381). 
The dry gas passes through 
a l lord glass tube heated at 
one point to dull redness. 
If the materials are free 
from arsenic, no stain is 
j >rod need . If a dilvtc solu - 
timi of arsenious oxide or 
any material to be tested 
for arsenic is added to 
the flask, amine is formed, 
wlii ch 'ds decomposed in 
the hot tube, a brown 
or black mirror being de- 
posited beyond the heated portion. After a suflieiont time, all the arsenic 
is evolved, and by comparing the mirror with standard tubes prepared 
with known amounts of arsenious oxide (0*001-0*01 mg.) a quantitative 
estimation may be made. A combination of Marsh’s and Bettendorf! \s 
(p. 852) tests will detect 10~ 8 gm. Some varieties of zinc do not easily 
reduce arsenic compounds but may bo activated by treatment with 2 per 
cent cadmium sulphate solution. 

If the tube is not heated but the gas kindled at the jet, the flame is tinged 
lilac and deposits black spots of arsenic on the outer suriace of a grazed 
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porcelain dish filled with water : 2AsH 3 - 2 As ! 3H 2 . Those dissolve readily 
in sodium hypochlorite or bleaching powder solution, forming arsenic acid 
or arsenates : 2 Ash 5NaOCl-+ 3H a O - 2H 3 As<), t-.Wad, but are insoluble 
in tartaric acid. If a spot is moistened with yellow ammonium sulphide* 
and this evaporated by gentle heating, a bright 
yellow spot of As 2 8 3 is left. 

The electrolytic Marsh test (first used by Bioxam 
in 1801) is now generally used. The" mercury 
cathode* on which arsenates (not reduced at a 
platinum cathode) also form arsine, is contained 
in a porous pot, waxed except for a central part 
ami fitted with a rubber stopper carrying a tap- 
funnel for introducing and withdrawing liquid 
and a delivery tube connected with a calcium 
chloride tube and the electrically heated hard 
glass decomposition tube. The anode is a roll 
of platinum foil outside the porous cell in a 
glass vessel. The outer vessel and porous coll 
contain dilute sulphuric acid. The solution to he tested is added through 
the tap-funnol (Fig. 382). 

Arsine passed into dilute silver nitrate solution gives a black precipi- 
tate of silver and the filtrate contains arsenious acid (r/‘. antimony) : 

AsHy + GAgNOy 4 ;m 2 0 = HyAsOy 4 GHNOy + GAg. 

With more concentrated silver nitrate solution no precipitate is formed 
but a yellow solution of a compound of silver arsenide and nitrate : 

AsH 3 4 GAgNO ;i = Ag :t As,3AgN0 3 4 3HNO ;i . 

On dilution with water, a black precipitate of silver is deposited : 
Ag 3 As,3AgN()y -t 3H 2 0 - GAg 4 3HNO a 4 H 3 As0 3 . 

Arsine with mercuric chloride gives a yellow coloration, due to the 
formation of AsH(HgCl) 2 , which on further treatment gives brown 
As(HgCl)y and finally black As 2 Hg 3 . This is the basis of the sensitive 
Gutzeit test (1879). 

Tlie solution is added to pure zinc and dilute hydrochloric acid containing 
a little stannous chloride (to reduce any 5-valent arsenic) in a small bottle 
fitted with a rubber stopper and a vertical tube containing a roll of lead 
acetate paper, witli a bored rubber stopper at the top. A piece of filter 
paper previously moistened with mercuric chloride solution and dried is 
placed over the hole of the upper stopper and another similar stopper is 
placed on the top, the two being held together by a spring clip. The yellow 
utain on the paper is compared with standards. 

A solid arsenic hydride As 2 H 2 , is said to be formed as a brown powder by 
( 1 ) the electrolysis of dilute sulphuric acid or sodium hydroxide solution 
with an arsenic cathode, (ii) the action of water on sodium arsenide, (iii) the 
action of a silent discharge on arsine, and (iv) by mixing a solution of arsenic 
diloride in hydrochloric acid with a solution of stannous chloride in ether. 
Another brown solid hydride As 4 H 2 is said to be formed by oxidising arsine 



Fig. 382. — Eloctrolytic 
Marsh apparatus. 
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with a solution of stannic chloride in hydrochloric acid : 4AsH a )• 5Sn(\~ 
As 4 H 2 4 10HC1 + 5SnCl 2 . The identity of these solid hydrides is doubtful. 

By the growth of moulds in presence of arsonie compounds (e.g. Scheelfe’s 
green on wall-paper) a volatile poisonous arsenic compound, trimethyl- 
arsine As(Cll 3 ) 3 , is formed, not arsenic hydride, as was once thought. 


Halogen Compounds of Arsenic 

The stable arsenic halides (including the fluoride) are covalent com- 
pounds of the type AsX 3 , the only definite halide of 5-valent arsenic 
being AsF 5 . 

AsF a colourless liquid, b.pt. 00*4", in.pt. - 8-5 dons. 2-(>(>0 at 0 ° 

AsF 6 colourless gas, b.pt. - 53 , ni.pt. - SO 

ArC1 s colourless liquid, b.pt. 130-2 , in.pt. ~ 13 , dons. 2-205 at 0*. 

A»Br 3 colourless prismatic crystals, in.pt. 31°, b.pt. 221 lJ , dens, 3*66 at 
15°. 

Asl s red hexagonal and rhombohodral crystals, m.pt. 140*7°, b.pt. 394°- 
414°, density 4-39 at 15 . 

Asgli red prismatic crystals, m.pt. 130 , b.pt. 375° -370°. 

Arsenic bums in fluorine to form AkF 4 and AsF 5 . Arsenic trifluoride 
AsF 3 (Dumas, J826), a colomiess fuming liquid, is proparod by heating .» 
mixture of arsenious oxide,' powdered fluorspar and concentrated sulphuric 
acid in a lead retort : As 2 0 3 f (>HF ^ 2 AhF 3 -t 3IFO. It is hydrolysed by 
water. 

Arsenic pentafluoride AsF a is a colourless gas obtained by distilling 
mixture of arsenic trifluondo, antimony pentafluoride and bromine ut a 
temperature not exceeding 55°, and collecting in a receiver cooled in liquid 

B,r ! AsF, - 2SI)F 6 i ]Ji V AkF, l 2.SbItrK,. 

Fluoarsenates K 2 AkF 7 ,H 2 0 and KAsOF 4 ,H 2 () are crystalline solids formed 
by dissolving potassium arsenate in hydrofluoric acid. 

Arsenic trichloride As01 3 (butter of arsenic , Glauber, 1048), the most 
important halogen compound of arsenic, is formed when arsenic burns 
in chlorine gas (a reaction which occurs spontaneously oven if the 
materials are very dry), or by heating arsenic with mercuric chloride, oi 
by heating arsenious oxide in chlorine 

1 1 As 2 0 3 + 001 2 - 4 AsC 1 3 + 3(Asj,0 5 ,2As 2 0 a ), 

or (usually) by distilling a mixture of arsenious oxide, sodium chloride 
and concentrated sulphuric acid, and condensing the vapour in a cooled 
receiver : As 2 0 3 + 6HC1 ^ 2As0l 3 4 3H 2 0. The distillate is freed from 
excess of chlorine by distillation over powdered arsenic. The mod 
convenient method of preparation is to heat arsenious oxide with pul 
phur chloride under a reflux condenser, pass chlorine through the mix 
ture, and distil (Partington, 1929) : 

4As a O a 4* 3S 2 C1 2 + 9Cl g - 8AsCl 3 4- GSG*. 
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Arsenic trichloride is a colourless liquid, winch in a good freezing 
mixture forms pearly crystals, Tt fumes in moist air and is hydrolysed 
by water ; the first product is said (Wallace, 1858) to be a crystalline 
hydroxychloride AsCl(OH) y but with excess of water arsenic us oxide is 
formed : 2AsCl 3 4 3H 2 0 ^ Ak 2 0 :j f OH Cl. The reaction is reversible and 
arsenic chloride distils when arson ious oxide or an arsenite is boiled with 
fairly concentrated hydrochloric acid. An arsenate is not decomposed, 
except with fuming Acid. The freezing-point diagram shows no evidence 
of AsC1 5 . 

Arsenic tribromide AsBr :) , a white crystalline solid, lews easily hydrolysed 
than AhC 1 3 , and arsenic tri-iodide Asl.„ red crystals, are formed by heating 
arsenic with a solution of the halogen in carbon disulphide. The tri-iodide 
is only slightly hydrolysed by water and is precipitated on adding 
a solution of arsenious oxide in hot hydrochloric acid to a solution 
of potassium iodide. A di-iodide Asd„ obtained as a dark-red mass by 
boating iodine with arsenic in a closed tube at 2(>(f , is solublo in CS 2 but is 
decomposed by water into As I., and arsenic. As! (a brown powder formed 
by saturating alcoholic iodine solution with arsine) and Asl 6 (a brown solid 
formed by beating As 1 3 and iodine at 150 ) are doubtful. 

„ Oxides v\i> Ox\ veins or Arsenic 

Arsenious oxide (a mute trio. ride) is a white solid, subliming freely at 
about 193°. The vapour density below 800° corresponds with As 4 0 6 , at 
1800° with As 2 0 3 . In solution in nitrobenzene the formula is As 4 O e . 
Arsenious oxide exists in three forms : (i) an amorphous glass, dens. 
3*738, m. pt. 200 ', (ii) octahedral (the common form), dens. 3*(>89, m. pt. 
275°, b. pt. 465°, sublimes above 135‘ without fusion but melts under 
pressure, (iii) monoclinic, dens. 3*85, m. pt. about 312°. 

The amor/dtous varied v (first mentioned by Roger Bacon) is a colour- 
less transparent glass formed when the vapour is slowly condensed at a 
temperature slightly below the point of vaporisation, according to 
Rushton and Daniels (1920) at 275-315°. It maybe kept in a sealed 
tube, but at 100° or in presence of moisture it becomes opaque and 
very slowly passes into the octahedral form. The solubility (1 part in 
about 25 parts of water at 13°, or in 1 2 parts at L(H) J ) decreases on stand- 
ing, owing to conversion to the octahedral form. 

The octahedral form is stable under ordinary conditions and is pro- 
duced when the vapour is rapidly condensed, when t he trioxide is crystal- 
lised from water or hydrochloric acid, or spontaneously with evolution 
of heat from the vitreous form. Arsenious oxide powder is not easily 
wetted by water and dissolves only slowly, more rapidly on boiling. 

When 15 gm. of As a O s arc dissolved by boating in a mixture of 60 ml. of 
water and 90 gm. of hydrochloric acid of dons. 1*1, the crystallisation on 
cooling is accompanied by brilliant flashes of light (Rosp, 1835). 
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The monoclinic variety, which occurs as the mineral daudetite, crys- 
tallises on cooling from a boiling saturated solution of the amorphous 
substance in alkali arsenite solution, or by sublimation under special 
conditions. 

If arsenious oxide is heated in a sealed tube at 400° the vitreous form re- 
mains at the bottom of the tube, the monoclinic form sublimes to the inter- 
mediate part at 200°, and the octahedral to the top of the tube. The 
different forms may be recognised under a lens (Debray, 1864). The transi- 
tion point of the octahedral and monoclinic* varieties is 250° but the change 
is very slow (Rush ton and Daniels, 1926). 

The structure of the As 4 0 6 molecule is the same as that of P 4 0* shown in 
Fig. 304. In the crystal the structure of octahedral As 4 0 4 is a diamond 
lattice (Fig. 306) with tetrahedral As 4 0 4 molecules replacing carbon atoms. 

Arsenious oxide is easily oxidised to the pentoxide, arsenic acid or an 
arsenate, by ozone, hydrogen peroxide, chlorine, aqua regia, bromine, 
iodine, nitric acid, and hypochlorites (especially in alkaline solution) : 

As 2 0 3 + 2CL + 5H 2 0 - 2H 3 As0 4 + 4HC1. 

It precipitates red cuprous oxide from Fehling’s solution. 

Arsenious oxide is easily red need to arsenic by heating with charcoal 
or potassium cyanide, by a solution of stannous chloride, which gives 
a brown precipitate : As 2 0 3 + 3SnCl 2 + (>H Cl ~ 3SnCl 4 + 2 As + 3H 2 (.) , 

and by boiling with hydrochloric acid and copper foil, which becomes 
grey owing to deposition of arsenic : 

As 2 0 3 + 6HC1 + GCu =2 As + 6CuCl 4 3H 2 0. 

If the copper foil is washed, dried, and heated in a tube, a crystalline 
sublimate of arsenious oxide is formed (Reinsch’s test, 1838). The mere 
change of colour of the copper is not decisive, as it is also given by 
selenium, mercury, antimony and bismuth compounds. Arsenates are 
only slowly reduced. 

Arsenious oxide reduces ferric chloride solution on heating : 

4FeCl s + As 2 0 3 + 5H 2 0 - 2H 3 As 0 4 + 4FeCl 2 + 4HC1, 
and arsenites in alkaline solution reduce nitric oxide to nitrous oxide. 

By the action of fuming sulphuric acid and of S0 3 on the trioxide, un- 
stable compounds of Ah s 0 3 with 1, 2, 3, 4, 6 and 8 S0 3 , decomposed by 
water, are formed : As 2 0 3 then acts as a feebly basic oxide (Adie, 3889). 

Small quantities of arsenious oxide occur in some mineral waters, which 
are used as nerve tonics, in skin diseases, and in improving thfe blood. It H 
a violent poison : 0*06 gm. is a dangerous dose and 0* 125-0-25 gin. is fat**’ 
The peasants of Styria are said to be able to consume arsenious oxide m 
amounts (0-3 gm.) which would ordinarily be fatal. It is said to act an •• 
cosmetic, to improve the breathing in mountain climbing, and to gh" 
plumpness to the, figure. Freshly precipitated ferric hydroxide, obtain* l 
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by adding magnesia to a solution of ferric chloride, adsorbs arsenious oxide 
and is recommended as an antidote. 

Arsenious oxide has only a feeble bactericidal action and some moulds 
flourish on arsenical solutions. 

Arsenious acid and arsenites. — A solution of arsenious oxide in water 
has a feeble acid reaction and may contain arsenious acid H.,AsO :} or 
HAsO a , although only the trioxide crystallises on concentration or on 
cooling a hot solution. I he acid is very weak. Arsenious oxide dis- 
solves in solutions of alkali hydroxides or carbonates (when carbon 
dioxide is evolved ; even warm sodium bicarbonate solution dissolves 
it), forming arsenites, which are not always well defined. They corres- 
pond with the hypothetical arsenious acids : ortho II 3 As0 3 , pyro H 4 As 2 0 5 , 
and meta HAs0 2 . 

Although the formulae of arsenic compounds are generally analogous to 
those of phosphorus, arsenious acid is tribaeic and its formula is different 
from that of phosphorous acid, which is dibasic ; 

OH () s /)\l 

HO As p. 

Oil If OH 

On dissolving arsenious oxide in hot sodium hydroxide solution and 
evaporating, a while amorphous powder of sodium arsenite Na ;J AsO ;1 or 
NaAs0 2 is obtained, soluble in and hydrolysed by water. A solution 
gives with silver nitrate a yellow precipitate of silver arsenite Ag ;i AsO ;{ , 
soluble in acetic acid (the yellow phosphate is insoluble). Copper 
sulphate gives a bright "green precipitate of cupric arsenite (Scheeles 
green), 0uHAsO 3 or Cu ; .( AsO.) 2 ,2H.>0 (Bornemann, 1922), used as an 
insecticide and formerly as a pigment. When its solution in alkali is 
boiled, an arsenate is formed and cuprous oxide precipitated : 

20u** +AsCV"+ 40H' - 0u 2 0 + As0 4 "' + 2H 2 0. 

The brilliant Schwtinfurt green or Paris green is a compound of cupric 
arsenite and acetate, with the formula. 0u(C 2 H 3 0 2 ) 2 ,30u(As0 3 ) 2 , 
obtained by adding dilute acetic* acid to precipitated copper arsenite, 
or by boiling basic copper acetate with acetic acid and arsenious oxide, 
and is used as an insecticide and an oil or water colour. 

Arsenic pentoxide and arsenic acid.— Tiilike phosphorus, arsenic 
hums in oxygen to give pract ically only the lower oxide As 2 0 3 . Caven- 
dish obtained arsenic acid, corresponding with arsenic pentoxide, in 
1764, but Sid not publish the work, and the acid was independently 
discovered by Scheeje in 1775 by oxidising arsenic trioxide w ith chlorine 
water. The acid is usually made by boiling arsenic trioxide with con- 
centrated nitric acid : 

As 2 0 3 + 2HNO a + 2HoO 2H a As0 4 -f N 3 0 3 . 
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The very concentrated solution on cooling deposits rhombic crystals of 
orthoarsenic acid 2H g As0 4 ,H 2 0 (sometimes H a As0 4 separates), At 100° 
these melt, lose water and loave a crystalline powder of H 5 As 3 O 10 or 
3As a O fi ,5H a O (Menzies* and Potter, 1912). At 160° slowly, or at 200° 
rapidly, the arid forms arsenic pentoxide Ar 2 0 8 , a deliquescent amorphous 
solid, which dissolves slowly in water. Pyroarsenic acid H 4 A8 2 0 7 is obtained 
in crystals by ovaporating a solution of arsenic acid in an open dish until 
the temperature rises to 170°- 180° (Rosenheim and Antelmann, 1930). 
Meta -arsenic acid is not known. Arsenic pentoxide decomposes at a red 
heat : As 2 0 6 - As/) 3 + () 2 . 

Arsenic acid is an oxidising agent : it liberates iodine from an iodide 
in acid solution : AsCY" +21' +2H* * As0 3 "' +I 2 + H a O, and with hot 
fuming hydrochloric acid it evolves chlorine (Mayrhofer, 1871): 
As 2 0 6 + 10 HOI - 2 AsC1 3 + 201 2 4 5H 2 0. 

The arsenates are generally isomorphous with phosphates and have 
similar formulae. The normal ortho-arsenates exist both as solids and 
in solution, but (unlike the phosphates) the pyro- and meta-arsenates 
exist only as solids, prepared by heating the appropriate ortho-salts, 
as in the case of phosphates : 

2Na 2 HAs0 4 = Na 4 As 2 0 7 + H 2 0 
Na H 8 As0 4 - NaAs0 3 + H 2 0. 

Common sodium arsenate Na 2 IIAs0 4 ,12H 2 0 is largely used in calico- 
printing ; calcium, magnesium, manganese and lead (PbHAsO a ) 
arsenates are used as sprays for fruit trees. 

Ammonium molybdate and concentrated nitric acid give with 
arsenates a yellow precipitate similar to that obtained with phosphates, 
but only on heating. Magnesia mixture gives a white crystalline pre- 
cipitate of magnesium ammonium arsenate MgNH 4 AsO 4 ,0H 2 O> similar 
to MgNH 4 PO 4 ,0H 2 O. On heating, this gives magnesium pyro-arsenate 

MgsjAsrjO,. 

Arsenates are distinguished from phosphates by giving with silver 
nitrate in neutral solution a light chocolate -brown precipitate of silvor 
arsenate Ag 3 As0 4 , soluble in dilute nitric acid and in ammonia. An 
arsonite present may be detected by dissolving the precipitate in dilute 
nitric acid, avoiding excess, and adding ammonia drop by drop. itrown 
silver arsenate is first precipitated, then yellow silver arsenite. 


Arsenic Sulphides 

The compounds As 3 S, As 2 8 2 , Ah 2 8 3 and As 3 S 6 (the first somewhat 
doubtful) are know n. The disulphide As 2 S 2 occurs as the red mineral 
realgar , and the trisulphide As a S 3 as the yellow mineral arpimenf 
( = uu ripigmentum ) , and they are made by heating arsenic or arseniotH 
oxide With sulphur : 4 9S . 2Aa ^ + 3SOa . 
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The (Ksulphideis not easily made in this way, and an impure product is 
ja^de by distilling iron pyrites with arsenical pyrites : 2FeAsS +2FeS* 
=5s 4* 4FeS. 

Arsenic disulphide (dens. 3-500) becomes yellow when exposed to light 
in air, from formation of As 2 S. } and As 2 () 3 ; it becomes black at 207° 
owing to conversion into an allot ropie form (dens. 3-254). 

Arsenic trisulphide (dens. 3*43) is formed as a yellow precipitate on 
passing hydrogen sulphide into a solution of arsenious oxide in dilute 
hydrochloric acid: 2AsCl u + 3H 2 S - As 2 S 3 + 6HG1. Orpiment is used 
as an insecticide. A mixture of the trisulphide and trioxide, made by 
subliming the trioxide with sulphur, was the pigment King's yellow , 
now replaced by lead chromate. 

Realgar and orpiment are used in pvrotechny ( Bengal fire is a mixture 
of 2 parts of realgar, 7 parts of sulphur and 24 parts of nitre), and mixed 
with slaked lime for removing hair; the active agent is probably 
calcium hydrosulphide, and sodium sulphide is now mostly used instead 
of the mixture. 

Arsenic disulphide and trisulphide burn when heated in air, forming'’ 
sulphur dioxide and volatile arsenic trioxide. They are almost in- 
soluble in hot concentrated hydrochloric acid (antimony sulphide is 
readily soluble) but are oxidised by nitric acid. 

Arsenic pentasulphide As 2 K a formed as a lighl-ycllow precipitate when 
hydrogen sulphide is passed rapidly into a warm solution of arsenic acid 
containing 10-12 per cent, of free hydrochloric acid (Bunsen, 1878) : 
As,O e r 5H 2 S — As 3 S 6 i- 5H.{0. ff the reaction takes place slowly and in the 
cold, a whito precipitate of sulphur is first formed and the arsenic acid is 
reduced to arsenious acid, which is then precipitated as arsenious sulphide : 

H,Ak0 4 ! H 2 S- H 3 Ah(>, f HgO f S 
2H 3 As 0 1 +■ 311 jS ** As.jSjj -f- till 2 0. 

Arsenic trisulphide dissolves readily in alkali hydroxide or ammonia, 
and even in warm ammonium carbonate solution (antimony trisulphide 
is insoluble). It is usually supposed that a mixture of arsenite and ' 1 
thioarsenite is formed : 

As 2 S. } + {>011' “AsO./" + AsS./" +3 H a O, 

hut the thioarsenite may be hydrolysed in solution to arsenite. On 
acidifying, all the arsenic is precipitated as trisulphide : 

* AsOjj"' + AhS 3 '" + 6H* - As,S :l + 3H 2 0. 

When arsenic trisulphide is dissolved in an alkali sulphide, a thio- 
arsenite alone is formed: 3N" 4* A« 2 »S 3 -=2AsH s "'. Thioarsenites are 
derived from hypothetical thioarsenious acids : H 3 AsS a (ortho), 
H 4 As 8 S 5 (jnpro), 1IAb8 2 (mela), but (like the arsenites) have not been 
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much investigated. (NH 4 ) 3 AsS 3 and Ca 3 (AsS 3 ) 2 form colourless crystals, 
K 3 AsS 3 and Na 3 AsS 3 amorphous white powders. 

When arsenic trisulphide is boiled with sodium carbonate solution, 
carbon dioxide is evolved, arsenic disulphide (As 2 S 2 ) precipitated, and a 
solution of a thioarsenite formed. On fusing the trisulphide with sodium 
carbonate, arsenic sublimes and the residue contains an arsenate and thio. 
arsenate. Arsenic also sublimes when the sulphide is fused with sodium 
carbonate and potassium cyanide : it is said that none then remains in the; 
residue. 

Arsenious sulphide dissolves in an alkali polysulphide, e.g. yellow 
ammonium sulphide (NH 4 ) 2 K 2 to form a thioarsenate, also formed when 
a thioarsenite is digested with sulphur: AsS 3 '" + S = AsS 4 "'. On 
acidifying, a yellow precipitate is formed w hich has been described as 
the pentasulpliide or as a mixture of the trisulphide and sulphur 
Arsenic trisulphide and sulphur or arsenic pentasulpliide w hen digested 
with alkali hydroxide form salts containing both oxygen and sulphur 
e.g. Na 3 As0 3 S,12H ;l 0 ; K 3 AsOS 3 ; Na 2 HAs0 3 S,8H 2 0 ; Na 3 AsOA, 

i l H 2° : As./! 5 4 ()KOH=K. 5 AsS 4 +K 3 AsO s S + 3H 2 0. 

These are colourless and are decomposed by acids into arsenic arid 
and free sulphur or arsenic trisulphide. The thioarsenates are soluble 
and crystalline, e.g. Na 3 AsS 4 ,8H 2 0, (NH 4 ) 3 AsS 4 . By the action of 
sodium sulphide solution on arsenious oxide in the proportions 2Na 2 *S 
As 2 0 3 a thioarsenate and elementary arsenic are produced. 

A subsulphide As ; ,K is said to be formed as a dark -brown powder by the 
action of IVL, and S0 2 on sodium arKcnito solution, or by the action of 
sodium hyposulphite (Na 2 S 2 0 4 ) on an arsonite or arsenate solution (Scott, 
1900). 


Antimony 

History .-—The earliest records mention under various names a substance 
( used as a pigment and for painting the eyebrows. This practice dates from 
prehistoric times ; it was used in Egypt at. least as early as 3400 b.c. Tim 
black pigment came from Arabia, was called western, stimmi , afterwards 
alibi, and, although usually galena, was sometimes native anti mom 
sulphide Sb 2 S 3 , Mibnitr,. In IV. Kings ix. 30, the Vulgate translation is* 
“ Porro Jezebel introitu ejus audito, depinxit oeulos sues stibio.” 

Metallic antimony is easily reduced from stibnite, and a Chaldean vase 
of 3000 h.r. was found by Berthelot to consist of pure metallic antimom 
The metal, not spocilically referred to by ancient writers, was probabh 
confused with lead. Constantirius Afrieanus (c. 1050 a.d.) refers to stibuii" 
as antimoniwn , and the metal was well known to the alchemists. Tb 
preparation of metallic antimony and of a number of its compounds ^ 
clearly described by .Basil Valentine (or Thoeldo) in the book Triumph 
Chariot of Antimony (Leipzig, 1604), and antimony compounds were us* ‘ 
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in medicine by Paraoolsus. The Arabic name for finely-powdered stibnite, 
al kohl , was applied by ParucolsuH to the “ quintessence,” and thence to 
spirit of wine- alcohol. 

Occurrence. Metallic, antimony in found in Sweden, Borneo, Queens- 
land, eto. ; the oxides Sb 2 () ;i (valentinile and senarmonite) and Sb 2 0 4 
(cervanMte) occur only sparingly, and the only important ore is the 
sulphide Sb 2 S 3 , subtitle, density 4*64, found in large quantities in China 
(Hunan province), and less abundantly in Mexico, Bolivia, Peru, 
Czechoslovakia, \ ugoslavia, etc. It is found in black or grey crystals 
(often radiating needles) or as compact masses. The ores are difficult 
to concentrate, but Hoation can be used. 

Metallurgy. — In the preparat ion of antimony stibnite is first liquated , 
i.e. heated so that the readily fusible sulphide of ant imony flows away 
from the rock. The sulphide is then reduced by heating with iron and a 
little salt in plumbago crucibles : >Sb 2 S 3 + 3Fe = 2Sl> + 3FeS, The metal 
(re// ulus of antimony) melts and collects below the slag. 

The sulphide may also be carefully roasted in a reverberatory furnace 
to form antimony diqxi.de Sl> 2 0 4 . At higher temperatures antimony 
trioxide Sb 2 O a sublimes : 

2Sb a S 3 4 - <)() 2 ^ i>Sb 2 0 3 + (>S0 2 . 

The antimony oxides are mixed with charcoal and sodium carbonate 
and heated to redness, when reduction occurs: Sb 2 O a + 30 = 2Sb + 
300. The regulus is purified by fusing with sodium carbonate and a 
little nitre, and then crystallises on cooling, with beautiful star-shaped 
or fern -like forms on the surface (star antimony). 

Oxide ores may be dissolved in hydrochloric acid and the antimony 
precipitated from the solution of antimony trichloride by iron; 
2SbCl 3 + 3Fe « 28b + 3FeOI*. 

Antimony is precipitated as a line, black powder by zinc from a 
solution of the trichloride ; this powder is used in covering plaster 
casts to give them the appearance of steel. 

Pure, antimony is made from the pure pentoxide (prepared by the 
hydrolysis of rccrystallisod ehlorantimonie acid) by fusing with potas- 
sium cyanide or heating in a current of hydrogen. 

When a piece of zinc is laid on a piece of platinum foil in an acidified 
solution of an antimony compound a black stain of antimony deposits 
on the platinum. If a tin salt is present metallic tin is deposited on 
the zinc. 

Properties. — Antimony is a silver-white lustrous metal, density 6*67, 
which is brittle and easily powdered. From the fused metal, on slow 
cooling, largo obtuse rhornbohedral crystals are formed, but after rapid 
cooling the metal has a granular structure. The fused met^al (m. pt. 
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630°) expands slightly on solidification. Antimony boils at 1380°. 
The vapour densities at 1572° and 1640° correspond with the molecular 
weights 310 and 284, respectively, intermediate between Sb a and Sb*,, 
perhaps Sb 4 ^ 2Sb a ; the freezing points of solutions in lead and cad- 
rniurn correspond with Sb 2 and Sb, respectively. 

Antimony is a poor conductor of heat and electricity ; it is dia- 
magnetic. 


Antimony is unchanged in air and is not acted upon by water or 
dilute acids. It decomposes steam at a red heat and is oxidised by con- 
centrated nitric acid, giving oxides of nitrogen and a white powder of 
hydrated antimony pentoxide. The pare metal does not dissolve in 
concentrated hydrochloric acid in absence of oxygen, but the commer- 
cial metal dissolves on heating. Antimony is attacked by hot concen- 
trated sulphuric acid forming the sulphate Sb 2 (S0 4 ) 3 , and it dissolves 
readily in aqua regia forming a solution of the pentaehloride SbCl 5 . 

When strongly heated in air antimony burns, evolving white fumes 
of the trioxide Sb 2 0 3 . A bead of antimony when heated on charcoal 
before the blowpipe continues to burn when the flame is removed, and 
if dropped on a piece of paper turned up at the edges the bead breaks 
up into burning globules, which disperse and leave curious charred 
tracks on the paper. Antimony burns brilliantly in oxygen, even 
in complete absence of moisture. It also ignites spontaneously in 
chlorine. 


Allotropic forms of antimony. — Unstable allotropic, forms of antimony 
are known. Yellow or a -antimony is formed by the action of ozonised 
oxygen on liquid stihine SbH, at - 00 . It is amorphous and is slightly 
soluble in carbon disulphide* Yellow antimony is very unstable and passe* 
readily above - 90 into black antimony, an amorphous black powder, 
density 5*3, formed directly from liquid stibine and oxygen at -40'. 
Black antimony oxidises spontaneously in air and on warming forms ordi- 
nary antimony, with evolution of heat. Amorphous antimony was obtained 
by Gore (18,54) by the slow electrolysis of a concentrated solution of the 
trichloride in hydrochloric acid with a platinum wiro cathode and an 
antimony anode. The metal deposited on the cathode resembles polished 
graphite, and has a.n average density of 5*78. When scratched it is ex- 
plosively converted into ordinary antimony with evolution of boat and 
fumes of SbCi 3 , which it always contains to the extent of 4-12 per coni. 
At 200 J it explodes violently. Amorphous antimony can be kept under 
water, but if this is heated to 75° the antimony undergoes change with n 
hissing noise. 

Alloys of antimony. — Antimony is a constituent of several import-aid 
alloys. A mixture of 15 parts of antimony and 85 of lead is hard lew 9 
or antimonial lead, used for stopcocks for sulphuric acid. The mo* 1 
important alloys are with lead and tin, used for printers" type ; met a! 
type containing antimony is referred to by Basil Valentine as • 
common use in 1600, These alloys expand on solidification, Th 
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SbGug with a close-packed hexagonal structure, and many other 
intermetallic compound*, arc known. Antimony forms antimonides 
with alkali metals, Li 3 Sb, Na 3 Sb, NaSb, etc. 


Compounds of Antimony 

Antimony forms two serif's oi compounds, the anlitnonous corn pounds 
SbX 3 in which it is 3- valent, and the a/rUitnon ic. corn pounds SbX 5 in 
which it is 5-valent. Both are stable. Idle halogen compounds are 
covalent (although the fluoride forms a conducting solution) and there 
is little tendency to form salts with oxyacids, the sulphate Sb a (S0 4 ) 8 
being the only one well-defined. The oxides Sb 2 0 3 and 8t> 2 0 4 are 
amphoteric, but Sb.,0- is decidedly acidic. An oxide Sb 2 0 4 , which may 
be (Sb 1 * lll 0)(Sb v 0 3 ), and a chloride Sl>01 4 in solution, forming stable 
complex salts, c.g. Rh 2 ttb(_\, are known. 

Antimony hydride,- Antimony and hydrogen do not combine directly 
but the hydride 8bH ; , or s t thine is formed mixed with hydrogen when a 
solution of an antimony salt is added to zinc and dilute sulphuric acid 
(L. Thompson, 1 837 ; PfalT, 1 837) l.e. by the action of nascent hydrogen. 
The gas burns with a grey flame, evolving white fumes of antimony 
trioxide. A black stain of antimony is deposited on a cold porcelain 
dish held in the flame and on both sides of the heap'd spot on passing 
the gas through a heated glass tube (arsenic is deposited from arsine 
only on the side furthest from the generating flask) : 2SbH a - 28b + 3H 2 . 

To distinguish the antimony from the similar but brighter arsenic 
mirror, three spots are. formed on the dish, which aro treated as follows : 


(1) Moisten with a 
solution of bleaching 
powder : 

As dissolves : 

SCa(OU)*+6H s O f As 4 
= SCaCljj + 4H 3 AsO«. 
8b is insoluble. 


(2) Moisten with a 
concentrated solu- 
tion of tartaric w ‘id : 
As is insoluble. 


(3) Moisten with yel- 
low ammonium sulphide 
and evaporate : 

As gives a yellow 
residue of As 2 S 3 . 


Sb dissolves forming | Sb gives an orange resi- 
(vSb0) 2 r 4 H 4 0 B . due of Sb 2 S s . 


A good yield of stibine is obtained by dropping a solution of antimony 
trichloride in 1 ; 1 hydrochloric acid into a flask containing zinc and dilute 
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hydrochloric acid, or by the action of dilute sulphuric acid on an alloy of 
equal weights of zinc and antimony. Pure fttibwe is prepared by acting 
with hydrochloric acid on an alloy of magnesium with 33 por cent of anti- 
mony, washing the gas with water, drying with calcium chloride and phos- 
phorus pent-oxide, and passing through a tube cooled in liquid air. White 
solid stibine (m.pt. - 88°, b.pt. - 17°) is formed. On warming this evolves 
pure stibine, which may be collected over mercury and is fairly stable when 
drv. 

Stibine is fairly soluble in water and very soluble in carbon disulphide. 
It has an unpleasant smell and is poisonous. It is attacked by air or 
oxygen, forming w ater and antimony, and decomposes into its elements 
when moist, or with explosion when heated or sparked, or sometimes 
spontaneously, as it is endothermic. The density is slightly higher than 
corresponds with SbH.,. 

Hydrogen containing stibine gives a black precipitate with silver' 
nitrate solution and the filtrate is free from antimony, whilst with arsine 
the filtrate contains all the arsenic. The precipitate first formed is 
silver antimonidc Ag a Sl>, but this is rapidly decomposed by excess of 
silver nitrate into a black mixture of silver, antimony trioxide and a 
little antimony (Lassaignc, 1K40) : 

SbH 3 4 3AgNO ;l --- Ag 3 Sb + 3HNO :l 
2Ag 3 8b 4 fiAgNO* 4 31i 2 0 - J 2Ag 4 Sk0 3 4 «HN0 8 . 

If this precipitate is warmed with hydrochloric acid, the filtrate gives 
with H 2 S an orange-red precipitate of Sb 2 S 3 . 

Antimony halides. — Covalent halogen compounds of the type KbX tl 
are formed with ail the halogens, SbX- only with fluorine and 
chlorine. 

Antimony trichloride SbCl 3 is formed by heating excess of antimony in 
chlorine, by distilling antimony with mercuric chloride : 

28b -f 3HgCl 2 - 28bCI 3 4 3Hg, 

or by dissolving stibnite in hot concentrated hydrochloric acid : 

Sb 2 S 3 4 bHCl - 281)01., f 3H 2 8, 

and distilling the solution, when hydrochloric acid comes over first and 
then antimony trichloride, which solidifies in the receiver as a suit 
white crystalline mass of butter of antimony , m. pt. 73-2°, 1). pt. 223-2 . 

Fused SbCl 3 is a poor conductor of electricity. The vapour density 
and the elevation of boiling point in solution in ether correspond with 
SbCljj. Antimony trichloride is decomposed by water with deposition 
of white basic chlorides. It forms a clear solution with hydrochlori* 
acid. Complex salts, e.g. NaSbCi* and , K 2 8bCl 5 , are formed with 
metallic chlorides, and it forms crystalline chlorantimonous acic 
HSb 2 Cl 7 ,2H 2 0 with concentrated hydrochloric acid. 
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Antimonous oxychloride is precipitated as a white powder when a 
solution of the trichloride in hydrochloric acid is poured into water. 
The composition of the precipitate (powder of Algaroth) varies with the 
dilution, but two definite oxychlorides are known : 

SbCl 3 + H 2 0 ^ SbOOJ + 2HC1 (with a little water) 

4SbCl 3 4- 5H 2 0 ^ Sb 4 0 5 0l 2 + 10HCI (with a larger amount of water). 

On heating the oxychloride with water in a sealed tube at 150°, or 
boiling with sodium carbonate solution, antimony trioxidc is formed : 

2SbCl : , e 3H 2 0 Sb 2 0 3 + 0HC1. 

Antimony pentachloride 8bCI 5 , discovered by Rose in 1825, is formed 
when antimony burns in excess of chlorine or by the action of chlorine 
on antimony trichloride, (t is a heavy yellow fuming liquid solidifying 
in a freezing mixture, in. pt. 3°. The vapour is somewhat dissociated 
at the boiling point of 150° : SbCl 5 ^SbCl 3 +C1 2 , but under reduced 
pressure the density corresponds with Sl>01 5 . With ice-cold water, two 
crystalline hydrates are formed, Sb01-,H 3 0 (soluble in chloroform) and 
ShCl 5 ,4H 2 0 (insoluble in chloroform), hut hot water decomposes the 
pentachloride with formation of hydrated antimony pentoxide : 

281)01, -* 5H,0 - Sb 2 0 5 + 10 HOI. 

With concentrated hydrochloric acid antimony pentachloride forms 
a fairly stable crystalline chlorantimonic acid 2HKbCl H ,9Il 2 0, which 
may also be prepared bv passing chlorine into a solution of antimony 
trichloride in hydrochloric acid, and then adding excess of concentrated 
hydrochloric acid. Numerous salts derived from H 3 8b0i 8 , H 2 8b01 7 and 
HSbCl 6 are known. 

A compound SbC1 9 is indicated on the freezing-point diagram of SbCl 6 and 
<% (Biltz and Jeep, 1927). Antimony ponUichlorido combines with many 
chlorides, oxides, salts, organic compounds, iodiue chloride (Sb('] 5 ,2ICl and 
SbCl 6 ,3ICl), sulphur totrachloride (Sb(\,K( ’],), et.e. 

The brown liquid formed by the action of chlorine on SbCl 3 appears to 
contain antimony tetrachloride Slid* or an acid lLSb^OI 6 . Many stable 
< lark -coloured salts, e.g. Rl> 2 KbCl ft , corresponding with this acid, are known, 
and as they are isomorphous with corresponding stannic, plumbic and 
platinic compounds they probably contain quadrivalent antimony (Wein- 
Imid, 1905). 

Antimony tribromide SbBr 3 , white deliquescent noodles, formed from 
the elements, is decomposed by water t-o the oxybromidos SbOBr and 
8h 4 0 5 Br 2 . The pontabromido is not known but. bromantimonic acid 
USbBr 0 ,3H 2 O is formed in dark-rod, almost black, crystals from a solution 
<'f SbBr 3 and bromine in eoncontratod hydrobromio acid, and salts of it are 
known (Weinland, 1903). 

Antimony tri-iodide Sbl 3 is formed by warming powdered antimony with 
*■* solution of iodine in carbon disulphide and separates in red plates on 
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evaporation. Two other groenish-yellow form, are "described. The vapour 
of Sbl, is scarlet. On hydrolisis Sb 4 0 5 U is formed as a yellow powder. 

Antimony trifluoride SbF, is obtained by distilling antimony with 
mercuric fluoride, or by dissolving the trioxide m hydrofluoric acid arfti 
evaporating. It is not decomposed by water. Potaimum ftuOTantmomte 
K a SbF B is prepared by dissolving Sb 2 () 3 in a solution of KF m 

used in calico-printing. ^ 

Oxides of antimony. — Antimony forms three oxides, Sb 2 0 3 , Sb 2 4 
and Sb 2 0 6 , which are stable but are easily reduced by heating with 

hvdroeen or carbon. „ „ _ . . 

’Antimony trioxide or antimonous oxide. Sb 2 0 3 or Sb 4 0 2 occurs native 

as tie narmontie, octahedral, density 5-2, with a 

of As 4 0 6 (p. 858), and the commoner rhombic; valent mite, density o 
Valcntinite Senarmonite 



Antimony trioxide is formed as a wluto powder 

burning antimony in air and (mixed with some . h 2 4 ) >y ■- 

stihnite, also by 'digesting the oxychlorides SbOCl or M) 4 0 6 C1 2 wit ' 
sodium carbonate solution, and bypassing steam over red-hot antimom 
A hot solution in sodium carbonate deposits both forms. Antimons 
trioxide becomes yellow on heating and pale buff on cooling, me s a 
656° and boils at 1560°, the vapour density corresponding with b > 4 « 
It is almost insoluble in water but is soluble in hot concentrated sul- 
phuric acid, and on cooling crystalline antimony sulphate SsbJ&Ufl, 
deposits. Antimony trioxide dissolves readily in dilute hyt roe i ‘>m 
acid forming SbCl 3 , in tartaric acid, and in alkali s<»h.tKms fon>uim 
metantimonites, e.g. NaSb0 2 (derived from a hypothetical Hbh0 2 ) win. 
are hydrolysed by water. 

Sodium metantimonite is sparingly soluble and crystallises in ghteennii 
octahedra as NoHbO r 3H,0 ; potassium metantimomte Kbb 3 0 5 , obtain, 
boiling antimonous oxide with potassium hydroxide solution 1 a 
soluble. Supposed antimonous acids are probably collodial hydmU 

oxide. 

Antimony trioxide is used in white paints and enamels, but there is * 
danger that it may be dissolved from these by dilute acids and cm- 

^ZZny tetroxide Sb 2 0 4 occurs as cervantite oWafowJ ^ 

white powder by heating the trioxido in air at 700 -910 . . ^ 7 , 

temperatures it decomposes into trioxide. Impure bh a 4 
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as a fused mass by roasting stibnite and is called glass of antimony ; 
this contains the tetroxide and unchanged stibnite and is used in colour - 
ing glass and porcelain yellow. Antimony tetroxide on fusion with 
alkalis forms salts calk'd hypoantimonates, derived from a hypothetical 
acid H 2 Sb 2 0 5 . Hie potassium salt K 2 Sb 2 0 6 is sparingly soluble in cold 
but easily in hot w r atcr ; if the solution is mixed with hydrochloric acid, 
K 2 Sb 4 0 9 is precipitated. 

Antimony pentoxide S1) 2 0- is a yellow powder obtained by gently 
heating the solid formed by the repeated evaporation of antimony with 
concentrated nitric acid. Above 440° it decomposes into Sb 2 0 4 , and 
when prepared as described always contains a little lower oxide. A 
stable intermediate oxide Sl) 6 0 13 is formed at 430°. 

Antimony pentoxide is almost, insoluble but reddens litmus. Various 
antimonic acids described are of indefinite composition, but a compound 
3Sb a 0 6 ,5H 2 0 or H 5 Sb 3 O 10 is shown on the dehydration curve and is 
formed by heating the hydrated oxide with water under pressure. The 
pentoxide is acidic and forms salts called antimonates. 

When antimony pontachlonde is precipitated with hot water, or the 
trichloride or one of the lower oxides treated with nitric acid, the residue 
after washing and heating at 100“ corresponds m composition with pyro- 
antimonic acid H 4 Sb 2 0 7 . At 200' tins is said to form metantimonic acid 
ifSb0 3 . Orthoantimonic acid H ,Sb() t is said to bo formed by precipitating 
potassium ant inn mute with dilute nitric acid and drying over sulphuric acid 
in a desiccator. Tim existence of these acids is doubtful. 

When a mixture of powdered antimony and potassium nitrate is 
throw'n in portions into a. red-hot crucible and the product extracted 
with warm water, a white residue of potassium antimonate remains, 
which dissolves slowly in boiling water. Dilute nitric acid precipitates 
from the solution a hydrated antimony pentoxide, which forms pure 
antimony pentoxide on heat ing gently. Hydrated antimony pentoxide 
is also formed by tin* action of hot w ater on antimony pentaehloride, 
and by oxidising the trioxide in presence of water with chlorine, iodine, 
or potassium diehromate ; with bromine, nitric acid, or a mixture of 
potassium chlorate and hydrochloric acid, the oxidation is incomplete. 

A solution of potassium antimonate on evaporation forms a gum 
readily soluble in warm water. The solution gives with sodium salts a 
white amorphous precipitate which rapidly forms crystalline sodium 
antimonate, sparingly soluble (1 in 350) in cold water and almost in- 
soluble in alcohol. It is one of the least soluble sodium salts. Lithium 
-oi,d ammonium salts are also precipitated. A corresponding potassium 
salt is formed by oxidising potassium antimonite with permanganate 
and evaporating the filtrate. Lead antimonate is the pigment Naples 
•fellow* 
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The alkali antimonat.es wore called metantimonatew by Frorny (1844), 
and Jander (1926) also formulates the sodium salt as NaSb0 3 ,3H a 0. 
The crystalline lithium salt lias the composition corresponding with 
LiSb0 ;j ,3Ti 2 0. The precipitated sodium salt when dried at 100° has a 
similar composition hut lias also been formulated as an acid pyro- 
antimonate Na. 2 H 2 8b 2 0 7 ,5H 2 0. The electrical conductivities of potassium 
antimonate and Ostwald’s rule (p. 300) show that antimonic acid is mono- 
basic;, which would agree with the metantiraonate formula or with an acid 
orthoant imonato KH 2 Sb0 4 ,2H 2 0. Pauling (1933), howevor, pointed out 
that all the results would agree with the formula M8b(OH) 6 (where M ------ 

Li, Na or K), analogous to that of the st annates (p. 831) M 2 8n(OH) 6 , and 
this is confirmed by the (crystal structure found by X -rays. 

Antimony pentoxide is an oxidising agent : when dissolved in cold 
hydrochloric acid it forms the pentaohloride and on adding an iodide 
the iodine liberated may be titrated : SbCl 5 4- 2KI — SbCl 3 +2K01 + I 2 . 

Antimony sulphides. — The best known sulphide of antimony, 
antimony trisulphide Sb 2 S 3 oecurs as stibnite. By precipitating a solution 
of antimony trichloride in dilute hydrochloric acid with hydrogen 
sulphide, a red amorphous sulphide, density 4-28, is formed, which 
if dried at 100° and heated in carbon dioxide at 200° gives off some free 
sulphur and forms the greyish -black rhombic crystalline modification, 
density 4-05. The red form is used as a. pigment (antimony vermilion) 
and in vulcanising rubber, red varieties of which contain it. It is also 
formed by heating a solution of the trichloride with sodium thiosulphate. 
If heated at 850° in a stream of nitrogen and the vapour rapidly cooled, 
lilac- coloured globules of density 4-278 are formed. The red precipitate 
is insoluble in dilute acids but dissolves in hot concentrated hydro- 
chloric acid (arsenic* sulphide is almost insoluble). Colloidal Sb 2 S 3 is 
formed as an orange-red liquid by adding a 0*5 per cent solution of 
tartar emetic to hydrogen sulphide water. 

Antimony trisulphide is reversibly reduced by heating in hydrogen . 
Sb 2 S 3 4- 3H 2 ^ 2Sb + 3H 2 S. A mixture with nitre and sulphur is used as 
blue fire in pyrotechny, and in making matches. Sb 2 S 3 dissolves in 
alkali sulphides and hot concentrated solutions of alkalis and alkali 
carbonates. On dilution, a red mixture of Sb 2 0 ;j and Sb a S 3 (term* * 
mineral) is precipitated. The solutions and the dark -coloured masses 
(livers of antimony) formed by fusing Sb 2 S 3 with alkali sulphides contain 
thioantimonites derived from hypothetical adds H 3 SbS 3 , H 2 Sb 4 S 7 ami 
HSbS 2 , and some can be obtained crystalline, e.g. pale-yellow 
Na 3 SbS 3 ,3H 2 0, red KSbS 2 , red Na 2 8b 4 S 7 ,2H 2 0. Precipitated Sb 2 S 3 i v » 
insoluble in warm ammonium carbonate solution (As 2 S 3 is soluble). 

Antimony ;pentasulphide 8b 2 8 c is formed as a red precipitate on addin: 
saturated hydrogen sulphide solution to a cold solution, of SbjjOg eontainii s 
10-20 per coat of free hydrochloric acid (Bunsen, 1878). It dissolves 
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alkalis (even warm ammonia), sodium carbonate (but not ammonium car- 
bonate) and alkali sulphide solutions, forming thioantimonates : 

4Sb,K 6 i 24KOH i>K,NbS f 1 3K ;i Sb0 4 -t I2H.O 
Sb.>S 5 i 3Na 2 N - 2Na 4 SbS 4 . 

Sodium thioantimonate or Scfdippe's salt (Sehlippe, 1821) is formed in 
large pale-yellow tetrahedral crystals Na.^ShS^OH./) by boiling Sb 2 S 3 
and sulphur with sodium hydroxide solution, filtering and cooling. 
On acidifying a thioantimonate solution an orange-red precipitate 
called golden sulphuret of antimony, used in vulcanising rubber, is 
formed. On heating alone or with water or acids it decomposes into 
sulphur and black Sb 2 S 3 ; it has been regarded as Sb 3 S 5 or a mixture of 
antimony tetrasulphide »Sb 2 S 4 and sulphur : 

2Na a SbS 4 -MIHOU Sb 3 Sj i S fbNaOl t 3I1 2 S. 

The commercial products vary in colour from golden yellow to deep 
orange, and in composition from Sb 2 S 3 almost to Sb 2 S 5 . The com- 
pounds K;,SbS 4 , (NH^SbSj, La^SbS,),, etc., are known. 

Tartar emetic is an important preparation used in medicine and as a 
mordant, and obtained by boiling antimony trioxide with water and cream 
<>1 tartar (potassium bydrojren tart-rate) ; it, is usually formulated (Peligot, 
I s 1 7 ) as potassium antuuunyl tartrate K(SbO)( 1 4 H |0 6 ,ilf 2 0 containing the 
tiHttmonyl radical — Sb O. but Keihlon and 1 W1 (1934) adopt a modifica- 
tion of Sebiffs formula ( 1 SAT j . 

O - O s 

II U— -()— - -,8b* -OH 2 


koj rn — o 

The atomic weight of antimony was determined bv various methods 
which gave numbers varying from 119*8 to 122*;>. Dumas in 1859 
obtained 121*8 by analysis of the trichloride but for many years the 
value 120*2 w as accepted on the basis of Hooke’* (1S78-SO) analyses of 
the chloride and bromide and the synthesis of the sulphide. The value 
121*77 was found in 1921 by Willard and McAlpine from an analysis 
of the tribromide, and as the mass spectrograph shows the isotopes 121 
and 123 the higher value' is now accepted. The valency is found from 
the atomic; heat, and the* vapour density of the trichloride. 

Antimony is determined in analysis by precipitation as sulphide 
Xb.,8.*, which is dried and heated in a porcelain boat in a stream of 
carbon dioxide to expel free sulphur. The trioxide may be dissolved in 
lartarie acid, neutralised with sodium carbonate, and titrated with 
iodine: Sb 2 0 3 f 21 2 = 4HT + Sh a 0 5 . or a solution in hydro- 

chloric acid may be titrated with sodium broraate : 

38bCl 3 +0HC1 + NaBrO a -3SbCl 6 + 3H 2 0 +NaBr. 
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Antimony pentoxide may be determined by the reaction : 

Sb 2 0 6 + 4K1 + 10HC1 * 2S bCl 3 + 4KC1 + 2I 2 + 5H 2 0. 

Bismuth 

History. -Metallic bismuth may have been known in antiquity but con- 
fused with tin and load. Agricola (who says it was unknown to the ancients) 
describes it in his Hermannus (1530) under the name of bisemutum ; in his 
de natura joss Ilium (1546) he calls it plumbum cinereum. Libavius in his 
Commenta riorum rhymiconnn , 1606, mentions it, noting that it was used to 
soften tin. The name is supposed to have been derived from the German 
wls mat (white mass), or wiesen (a meadow'), given to it by the old miners on 
account of its reddish colour. Pott (1739) and later Bergman investigated 
its compounds, some of which had been used by Paracelsus for medicinal 
purposes. The basic nitrate- “ bismuth subnitrate," Bi(OK) 2 N0 3 , dis- 
covered by Libavius, is still used in medicine in diarrhoea and cholera. 
This substance, known as pearl white, was introduced by Lemery as a cos- 
metic, although it acts injuriously on the skin, as Lemery himself points 
out. It has now been replaced by zinc oxide or starch. 

Occurrence. — Bismuth occurs native with lead, silver and cobalt ores, 
as the oxide Bi 2 0 3 bismite or bismuth ochre , the sulphide Bi 2 8 3 bismuthi - 
nite or bismuth (fiance, and the basic carbonate. (BiO) a CO a bismuthite or 
bismuth spar. The most important source is Bolivia ; much is extracted 
from lead ores in Canada and India, and China, Saxony, and Australia 
are noteworthy sources. 

Metallurgy. — The metal is obtained from native bismuth by liqua- 
tion, viz. heating in sloping iron tubes when the fusible bismuth (m. pt. 
271°) flows away. Oxide and carbonate ores are dissolved in hydro- 
chloric acid and the solution of BiCl ;i either poured into water to pre- 
cipitate BiOCl or reduced to bismuth by iron. Sulphide ores are roasted 
and the oxide reduced by carbon, iron, and a flux : the temperature is 
kept fairly low as the oxide is volatile. 

Flue dusts from lead, copper and tin ores, and anode slimes from copper 
and lead refining, are worked for bismuth. The metal is refined by electro- 
lysis in bismuth chloride and hydrochloric acid in a similar way to copper 
(p. 721). Very pure bismuth is made by recrystallising the nitrate from a 
solution containing a largo excess of concentrated nitric acid, heating the 
nitrate to form the oxide, and reducing this by heating with potassium 
cyanide. 

Refined commercial bismuth is 99*0 to 99-9 per cent pure and for 
making pharmaceutical products must be free from lead and arseni* 
Precipitated bismuth is a dull-grey powder formed by reducing a solution 
of BiCl 3 in hydrochloric acid by hypophosphorus acid, and a colloidal 
solution can be obtained. 
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Properties. — Bismuth is reddish-white, density 9*80, brittle and easily 
powdered, and is a poor conductor of heat and electricity. It is strongly 
diamagnetic. Large obtuse rhorabohedra resembling cubes, usually 
covered with a superficial film of oxide showing green iridescent colours, 
are formed when the fused metal is cooled. A trace of tellurium alters 
the appearance and properties of bismuth. Bismuth and its alloys with 
other metals, which have very low melting points, expand on solidifica- 
tion, and the alloys are used as stereo-metal in printing. 

Wood's fusible metal (m. pt. 71) contains 4 bismuth -t 2 lend + 1 tin 4-1 
cadmium. Rose's metal (m. pt. 93*75') 2 bismuth -t 1 load-} 1 tin, and 
Lipowitz' alloy (m. pt. tfO°--(>r>") 15 bismuth + 8 load \ 4 tin f 3 cadmium. 
Alloys of lead, bismuth and tin, melting slightly above 100°, aro used in the 
construction of automatic sprinklers ; when the fusible metal plug is 
molted water is discharged over the lire. Loss fusible alloys aro used as 
safety plugs in boilers. 

Bismuth boils at 1450 giving a green vapour, the density of which 
between H»00° and 1700" indicates partial dissociation: Bi 2 ^2Bi, 
which is complete at 2000°. It volatilises appreciably at lower tem- 
peratures (at- 292° in vacuum). The metal is unchanged in dry air and 
is slowly attacked by water only in presence of oxygen. When fused 
it slowly oxidises in air, and when strongly heated burns with a bluish- 
white flame, forming brown fumes of Bi 2 0 3 . Pyrophoric bismuth is 
formed on beating the mellitate under reduced pressure. Bismuth 
decomposes steam slowly when strongly heated, liberating hydrogen. 
It does not dissolve in dilute sulphuric or hydrochloric acid in absence 
of oxygen, but nitric acid dissolves it forming the nitrate Bi(NO ; ,) 3 . It 
readily dissolves in aqua regia, forming the chloride BiCl 3 . Boiling 
concentrated sulphuric acid converts it into the sulphate Bi 2 (S0 4 ) 3 , 
sulphur dioxide being ev olved : 


2Bi 4 fiHoSO, BiafSOJa -f :*S(> 2 i fill 2 (). 

Bismuth compounds.— Bismuth is more electropositive than the other 
elements in its group, and its chemical properties are intermediate 
between those of lead and antimony. The chloride BiCl 3 , although 
easily fusible and volatile and soluble in organic solvents, is an electro- 
lyte when fused, ami stable oxv salts such as the nitrate, sulphate and 
basic carbonate are known. Many salts with organic acids are soluble 
in benzene. There is a marked tendency to form basic salts, usually 
formulated as containing the univalent biamuthyl radical — Bi=0. 
These (unlike the antimonyl compounds) are insoluble in tartaric acid. 
Pnlike antimony, bismuth has little tendency to show a higher valency, 
all the stable compounds being of tervalcnt bismuth, although higher 
oxides contain 4, 5 or possibly fi- valent bismuth. The bism ulhous com- 
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pounds, containing bivalent bismuth, were formerly regarded as 
mixtures of metal and tervalent compounds. 

What was regarded as black bismuth monoxide BiO is precipitated by 
adding a bismuth salt to a solution of sodium stannite (stannous chloride 
with excess of sodium hydroxide), often accompanied by a white precipitate* 
of bismuth or stannous hydroxide, and hence the reaction, which is used in 
the identification of bismuth (or stannous) salts, is called tlio ” magpie test.' 
Bismuth monoxide BiO is formed as a black powder, unchanged at 300°, by 
oxidising a solution of Na a Bi in liquid ammonia with oxygen (Watt and 
Moore, 1948): 4Na*Bi t t>NIl 3 i 50., - 4BiO H tiNaOH + 6NaNH a . 

Bismuth hydride. —When the hydrogen evolved by the action of 4A r 
sulphuric or hydrochloric acid on an alloy of equal parts of bismuth and 
magnesium is passed through a heated tube, it deposits a brown mirror of 
bismuth in front of the heated spot and a fainter one behind, suggesting 
that a trace of a gaseous hydride (Bill.//), which is very unstable, is formed. 
It is absorbed to some extent by water and is more soluble in dilute alkali, 
indicating that it is acidic rather than basic. Thorium-0, an isotope of 
bismuth, when deposited on magnesium, gives a radioactive gaseous 
hydride on solution m acid. 

Bismuth halides. — All the halogen compounds of bismuth an* formed 
by the action of halogens on the metal ; fluorine does not react easily 
even at a red heat, and the* other halogens react without incandescence 
on heating. Bismuth fluoride is stable to water but the other halides 
form basic salts. 

Bismuth trifluoride BiF 3 is formed as a white powder, non volatile at .i 
red heat, on evaporating a solution of bismuth tnoxidc in hydrofluoric acid 
With excess of oxide an oxyfluonde Bi()K is formed. A white bismuth 
pentafluonde BiF n is formed from the trifluoride and fluorine, it sublimes 
at 550°. 

Bismuth trichloride BiCl jj , is formed as soft white crystals, m. pt. 227 , 
b. pt. 447°, on passing excess of chlorine over bismuth. Boyle (lOb.T, 
obtained it by heating bismuth with mercuric chloride : 2Bi+3HgCL 
~2BiC'l 3 4 3Hg. Its vapour density corresponds with the formula 
Bi01 3 . The trichloride is also formed by dissolving bismuth in aqua 
regia, evaporating (when crystals of BiCl 3 , 2H 2 () are deposited) and 
distilling. The solution in concentrated hydrochloric acid deposit" 
at 0° crystals of chlorobismuthous acid H[Bi 2 01 7 ],31I 2 0, stable at tin 
ordinary temperature. Salts of H 2 BiCI 5 , HBi01 4 and HBi 2 01 7 , and 
the compounds BiCl 3 ,N0Cl and 2BiCl 3 ,NO, are known. 

A solution of bismuth chloride when poured into water gives a white 
precipitate of bismuth oxychloride (or bismuthyl chloride) BiOCi whirl* 
can be obtained crystalline. This is deposited when any bismuth salt i 
added to a solution of sodium chloride ; it resembles silver chloride 
in turning grey and losing chlorine on exposure to light. 
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The black dichloride Bi01 2 , formed on healing Bi01 3 with excess of 
bismuth, or by heating bismuth with calomel at 250°, may be a 
mixture of BiCl 3 and bismuth. 

Bismuth tribromide BiBr a , m. pt. 215 , b. pt. 453", is formed from the 
elements in golden -yellow crystals, decomposed by water into white 
BiOBr. Bismuth tri-iodide Bil a , m. pt. 1(2 , is a black powder obtained by 
adding bismuth oxide* to a solution of iodine in stannous chloride saturated 
with 1 1 Cl. It is slowly decomposed by water, forming the red oxyiodide 
BiOl. Bismuth iodide dissolves in hydriodie acid, forming iodobismuthous 
acid HBiI 4 ,4H a O, and in alkali iodides, forming red crystalline salts, 
c.g. KBiI 4 . 

Bismuth oxides. -Thc only well-defined oxide of bismuth is bismuth 
trioxide Bi 2 0 3 , a pale-yellow powder (greenish -grey when not quite pure). 
It is formed by heating the metal, hydroxide, basic carbonate, or 
nitrate to redness in air. it molts at a red heat and solidifies at 820°. 
The solid changes at 701° with evolution of heat into a second form, 
consisting of greenish el low crystals. A third form obtained in yellow 
needles by beating the oxide in a porcelain crucible to the melting 
point probably contains silica. Bismuth trioxide is used in producing 
an iridescent white glaze on porcelain. When mixed with other oxides 
and fused on the surface of glass, it is used in making stained glass : a 
mixture of Bi 2 () 3 and Cr 2 0 3 fused on glass gives a lemon-yellow colour. 
Bismuth oxide is also used to make some kinds of optical glass. 

Bismuth hydroxide Bi(()H) 3 is formed as a white gelatinous precipitate, 
which becomes crystalline, on adding an alkali hydroxide or ammonia 
to a solution of the nitrate ; it is insoluble in excess of alkali unless 
shaken with amend mini sodium hydroxide, or when glycerol is added, 
but is readily soluble in acids. When heated to 100 it forms BiO(OH), 
and at a red heat Bi.,0 ; , 

Higher oxides of bismuth are precipitated as reddish-brown powders on 
adding oxidising a gen is such as potassium jerncyainde or chlorine to 
alkaline suspensions of bismuth trioxide. From a suspension in hoi dilute 
alkali, chlorine precipitates a scarlet powder which is principally bismuth 
tetroxide Bi 2 () 4 . From the suspension in concentrated alkali, chlorine 
precipitates also some bismuth pentoxide l>i 2 0 5 . Both these' oxides dissolve 
in hot nitric acid of density 1*2 with evolution of oxygen. By oxidising 
with ferricyanide or persulphate m concentrated alkali, a small amount of 
bismuth hexoxide Bi 2 O fl . insoluble in nitric acid, is formed. 

The higher oxides lose oxygen on heating and are reduced when wanned 
with concentrated hydrochloric or sulphuric acids : 


Bi 2 () 4 i 8HCI — 2Jiii 1 l 3 4-4H 2 0 + FI*. 

Bi a < ) 5 i 311*80, ~ Bi 2 (S0 4 ) s -I 3H a O + O*. 


The higher oxides of bismuth show acidic properties. On fusing bismuth 
trioxide with potassium hydroxide in air. a brown mass of potassium 
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bismuthate, perhaps KBi0 3 , is formed ; it is hydrolysed by water and 
hydrated Bi a 0 5 is precipitated. Potassium bismuthate is used as an 
oxidising agent ; with cold solutions of manganous salts in dilute nitric acid 
it gives a purple solution of ponnanganic acid. In its higher oxides bismuth 
shows some resemblance to lead. 

Normal bismuth carbonate is unknown but white basic bismuth carbonate 
(Bi0) 2 C0 3 ,JH 2 0 is precipitated when ammonium carbonate is added 
to a solution of the nitrate. It loses water at 100° and carbon 
dioxide at a higher temperature. Bismuth carbonate is given as a 
“ bismuth meal ” before X-radiology of the digestive tract, as it is 
opaque to X-rays. 

The most important bismuth salt is bismuth nitrate, obtained in 
deliquescent crystals Bi(N0 3 ) 3 ,5H 2 0 by evaporating a solution of the 
metal, oxide or basic carbonate in warm dilute nitric acid. The solution 
on pouring into a large volume of water deposits white basic bismuth nitrate 
or “ subnitrate ” Bi(0H) 2 N0 3 , used in medicine and formerly as a cos- 
metic. On washing with water this slowly forms (Bi0) 2 (0H)N0 3 . 
The commercial basic nitrate is ()Bi 2 0 3 ,5N 2 0 5 ,8JH 2 0. Anhydrous 
Bi(N0 3 ) 3 cannot be obtained by heating the crystalline salt, as decom- 
position occurs, but by drying in vacuum over 1\>0 5 for a year Bi(N0 3 ) 3 
is formed. 

By grinding bismuth nitrate crystals with mannitol and adding 
water a clear solution is obtained. The nitrate can be obtained in 
solution if dilute nitric acid is added. The basic chloride and nitrate 
are readily distinguished from the antimony salts by adding a few 
crystals of tartaric acid and warming. The antimony salts dissolve 
but the bismuth salts are insoluble. 

Bismuth sulphide Bi 2 S 3 is obtained in lead -grey crystals by fusing 
bismuth with sulphur, or as a brownish-black precipitate (solubility 
0*2 mgm. per litre) when hydrogen sulphide is passed into a solution of a 
bismuth salt. The precipitate dissolves in nitric acid and in boiling 
concentrated hydrochloric acid, but not in alkalis or yellow ammonium 
sulphide, since it does not (like the sulphides of arsenic, antimony and 
tin) form thio-salts in this way. 

Thio-salts are formed by dissolving bismuth sulphide in concentrated 
potassium sulphide, or by fusion with sulphides. Bi s S 3 is only sparingly 
soluble in sodium sulphide. The salts KBiS 2 and NaBiS s form fino crystals 
with a metallic lustre, rapidly oxidised in the air. On diluting the solution 
of the sodium salt, Bi 2 S 3 is re precipitated. 

Bismuth sulphate Bi 2 (80 4 ) 3 is obtained as a white amorphous mas^ 
by evaporating the metal with hot concentrated sulphuric acid. If 
forms a sparingly soluble basic sulphate Bi 2 (0H) 4 S0 4 on addition oi 
water. On heating, this forms yellow bismuthyl sulphate (BiO) 2 SOj 
A double salt KBi(S0 4 ) 2 is formed with potassium sulphate. 
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Sodium thiosulphate with u solut ion of a }>isrnut*h salt gives a cloar 
solution containing sodium bismuth thiosulphate Na a [Bi(S 3 0 3 ) 3 ], which does 
not react with iodine. I ho solution quickly docom pesos and doposits 
bismuth sulphide. It gives with potassium salts a sparingly soluble yellow 
potassium bismuth thiosulphate K :> [Bi(K/) ;i ),l,UUO, and tl.o reaction may 
bo used in t.ho detection of potassium. On boiling sodium bismuth thio- 
sulphate solution the bismuth is quantitatively precipitated as sulphide : 
2 Br- + 3S.,0 3 " i 3U 2 0 BBS* \ 3H.SO,. 

Many salts of bismuth with organic, acids (salicylate, basic gallato, basic 
di bromol i yd roxynaph thon to, hydroxyiodogallato, etc.) and phenols (/?- 
naphtliol, pyrogallol, etc.) are used in pharmacy. 

The atomic weight of bismuth was found by different methods with dis- 
cordant results, e.f/. 208*05 by .Schneider in 18.71 from the ratio 2Bi : Bi 2 0 3 
and 210-7 l>y Dumas in 1850 from the analysis of the chloride. The value 
209-02 was found by Hdnigsclumd in 1 920 by analysis of the chloride. The 
valency is found from the atomic heat and the vapour density of the chloride. 

Vanadium 

In 1801 Del Rio discovered n« a. Mexican lead oro a now olement which 
gave coloured salts with acids, hut Descotils in 1801 reported that the 
mineral was lead chromate. Sefstrdm in 1830 discovered in Swedish iron 
and slags an element which was called rmiadiunt (after the Scandinavian 
goddess Vanadis), and Wohler showed that the Mexican ore is lead vanadate. 
Berzelius, with a few grams of Sefstrom's material, prepared a number of 
compounds of vanadium, which he supposed formed an acidic oxide V0 3 
like CrO a . In 1807 Roseoo found that, the oxido was V 2 0 5 , and first pre- 
pared the metal, what. Berzelius had regarded as vanadium being the oxide 
VO (which is not reduced by heated potassium) or the nitride VN. 

Vanadium is a rare olement but is widclv distributed. The principal ores' 
are oarnolite or potassium mmi\ I van. date K ^ U0 3 ) 2 (Y0 4 ) ;: ,3H 3 0, vanadt • 
nife 3Pb 3 (V0 4 ) 2 ,Pb(’L ( <oc p. 300), and especially the impure sulphide 
patron itc, found at 17,000 ft. <>n 1 1 Permian Andes (and the chief source 
of vanadium) and North Rhodesia. Small quantities of vanadium are 
found in clays, rocks, coal, and crude oil (the Hue dust from oil burners 
usually contains some V..Or,). 

Ferrovavadium is made from patronite and is used for making steel. 
Pure vanadium is diflicult to obtain, as it. readily combines with oxygen, 
carbon, and nitrogen : it can be prepared by st rongly heating a mixture of 
V 2 0 § , calcium, and calcium chloride in a steel bomb : V 3 () 5 + f>Ca 4 f>CaCI 8 
~ 2V + 5(CaO,CaCl 2 ), and is soft and ductile. Ttoscoe prepared vanadium 
by strongly heating vanadium dichloride for several days in a current of 
very pure hydrogen : V( '! > t 1 f 2 = V + 2 H( 1. 

The common oxide of vanadium is vanadium pentoxide V 2 0 6 , a reddish- 
vcllow sparingly soluble solid, which is au acidic oxido and forms vanadates ; 
salts corresponding with ortho-, pyro-, and meta-vanadic acids, II 3 \ 0 4 , 
H 2 V 8 0„ and 11V() 3 , are known. Sodium orthovanadate Na 3 V0 4 ,12H 2 0 
is isoinorphous with the phosphate Na 3 P0 4 ,1 21 1 ,0. The common ammonium 
vanadate is the meta. vanadate NH 4 VO which is sparingly soluble. Vanadic 
acid also forms polyvanadates, derived from the arid H 4 V 6 0 17 — 3V 8 O 6 ,2 Hj0. 
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Vanadium pentoxide dissolves in concentrated sulphuric acid and on 
dilution a pale-yellow solution is formed. Sulphur dioxide reduces this to 
a blue solution of vanadyl sulphate V0S0 4 , containing 4-valent vanadium. 
Magnesium and hydrochloric acid reduce t-ho solution of V 2 0 6 to a green 
solution of vanadium trichloride VC1 3 , containing 3-valent vanadium, and 
prolonged reduction with zinc and dilute sulphuric acid (more rapidly by 
shaking witli zinc amalgam) gives a lavender-coloured solution of vanadium 
dichloride VC1 2 , containing 2-valont vanadium. The solution of V 2 0 5 in 
dilute sulphuric acid gives with hydrogen peroxide a red colour, supposed 
to be duo to pervanadic acid HV0 4 . 

The oxides VO, V 2 0 3 , V0 2 , and V 2 0 5 are known. The highest chloride is 
the tetrachloride VC1 4 but there is a pentafluoride VF 5 . On passing chlorine 
over a heated mixture of V 8 0* and carbon, the yellow liquid oxychloride 
VOCl 3 is formed, not decomposed by boiling with sodium. By passing the 
vapour of VOC'l,, mixed with chlorine ovor boated carbon are<l liquid, V( 1 l 1 , 
is formed. By passing a mixture of Wl 4 vapour and hydrogen through a 
red-hot tube a peach-blossom coloured sublimate of Y0l # is formed, and 
by heating this to redness in nitrogen, apple-green V(J1 2 is obtained. 
Compounds of bi- and torvalent vanadium are powerful reducing agents. 
In these valency stages vanadium shows analogies with ferrous and ferric 
iron. V 11 forms violet VS0 4 ,7H 2 0 isomorphous with FeS0 4 ,7li 2 0, and 
brownish -yellow K 4 V(CN)„,3H 2 0 {of. potassium ferrocyanide). V* IJ forms 
V 2 (S0 4 ) 3 , giving alums M 1 V 111 (S0 4 ) 2 .12H 3 0, and KgVfFN)* (cf. potassium 
ferricyamde). 

Vanadium pontoxide is used as a catalyst in the oxidation of naphthalene 
vapour and air to phthalic* anhydride, and of sulphur dioxide and air in 
sulphur trioxide, and vanadium compounds (which are poisonous) are used 
in making ink, as drying accelerators in paints and varnishes, as insecticides, 
in photography and medicine, and ui glass manufacture. 

NioBirM and Tantalum 

In 1801 Hatchett discovered m a mineral thought to have come from 
America and called volumbitc (it perl uips really came from Sweden) a new 
metal which ls called columbiura. Hkeberg in 1802 discovered m a mineral 
afterwards called yitroUwtahtd another new metal which he called tantalum, 
since it is not acted upon at all by acids. Wollaston in 1809 thought he hud 
shown that the two metals are the same, but later work by Rose showed tint 
they are different. Hose changed the name columbiura to niobium, wind 1 
is the name now used for the clement. 

The two elements occur together. The chief minerals are eolumbite and 
tantalite , both Fe(Nb,Ta)U 3 , the first richer in niobium and the second m 
tantalum. The metals are now extracted from American minerals and an 
finding uses ; tantalum, m.pt. 2850°, is ductile and can be used in radiw 
valve grids and plates, and niobium, m.pt. 1950°, improves stainless sled. 
Both motals resist acids, but are oxidised when heated in air and are d> ■ 
integrated by fused alkalis. The carbides of niobium and tantalum aw; 
very hard and arc used for cutting tools. 

Niobium and tantalum form white solid acidic pentoxides, Nb s () s and 
T« 2 0 4 , which form nio bates and tantalates. The two complex fluoride 
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KjTaF; (the ion 1 ah ? containing tantalum wit h a coordination number of 
7) and K 8 Nb0F 5 ,H 2 0 (pot<miinii jluori/trioforte) are used in the separation 
of the elements by fractional crystallisation, the lirst being sparingly and 
the second easily soluble. The chlorides XbCl 3 and Tad*, and Nhd 5 and 
Tad 5 are known, and both metals form the complex acidic compounds 
H (Nb a (il 7 (H 2 0) ),3H 2 () and HjTa 3 ( 1 l 7 (IL0)],3H.,0 in which they are bivalont 
(3Xd 2 ,HCl,4H 2 0). 


PttOTO ACTINIUM 

The element protoactinium (or protactm'nnn) a disintegration product of 
uranium- Y (p. 401), was separated m appreciable amounts from pitchblende 
residues by von Grosse. r flic steady decrease iri acidic character in the 
series V 2 0 6 , Nb a O s , and Ta 2 O r| reaches a climax m protoactinium pentoxide 
Pa a 0 5 which is a white solid which is basic and resembles thorium dioxide 
ThO a rather than the oilier oxides. The metal pmtoaetinium is formed by 
electron bombardment of Pa /)., on a copper target- and is stable in air. The 
ppntachloride Pad 5 forms colourless volatile needles. 



CHAPTER XLTV 
GROUP VI METALS 


Group VI of the Periodic System (apart from the radioactive element 
polonium) comprises eight elements : 

Sub-Group (b) (Odd Series) 




0 

S 

Se 

To 

Atomic number 

- 

8 

u\ 

34 

52 

Electron configuration 

- 

2-(> 

2*s*() : 

2*8*18*6 

2*8* 1 8* J 8*(> 

Density (solid) 

1 

•4250 

21 

4-8 

0-235 

Atomic volume 

- 

11*2 

15-3 

1(5*5 

20-4 

Melting point. 


218*4 

112-8° 

220-2° 

452-5° 

Boiling point - 

- 

183 

4444)0° 

084*8° 

1390° 


Sub-Group (of) (Even Series) 




Or 

Mo 

W 


V 

Atomic number 

24 

42 

74 


92 

Electron configuration 

2*8*13 l 

2*8 18*13 

•1 2*8 18*32 

oc 

O) 

G* 

*18 32*18*12*2 

Density 

714 

10 2 

19-3 


18 085 

Atomic volume - 

7 3 

9-4 

9-5 


12*7 

Melting point 

1840° 

2620° 

3390° 


3150° 

Boiling Point 

2200° 

3700° 

5900° 


3500°? 


At first sight no obvious resemblances exist between the elements of 
the odd and even series. The former are non-metals ; the latter are all 
metals. If we take sulphur as representative of the odd series and 
chromium of the even series, however, a closer examination of their 
chemical properties reveals many points of similarity. Both form 
acidic trioxides I10 3 , the salts of which are isomorphous and have 
similar formulae ; 

SO, K 2 S0 4 (K 2 0,S0 a ) K 2 S 2 0 7 (K 2 0,2S0,) 

0r0 3 K 2 Cr0 4 (K 2 0,Cr0 3 ) K 2 Cr 2 O 7 (K 2 O,20rO 3 ) 

Both elements form stable oxychlorides R0 2 01 2 , hydrolysed bv 
water, but there is no chloride of chromium corresponding with R%C\ r 
The stable chloride of chromium is OrCl 3 , corresponding with Fed, and 
A1C1 3 , and chromium shows many resemblances to aluminium and iron 
The metals chromium and iron are similar, and the oxides A1 2 0 3 , Cr 2 0 
and Fe 2 0 3 are isomorphous. The three metals Al, Or, Fe, are classed 
together in the same group in qualitative analysis. The analogy he 
tween iron and chromium is also seen in the formation of ferrates, r.</. 
K 2 Fe0 4 (red) and chromates, e.g . K 2 Cr0 4 (yellow). The bivalent 
chromium compounds CrX 2 resemble the ferrous salts and are strop: 
reducing agents. 
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Molybdenum and tungsten resemble chromium in their chemical 
properties : they form acidic trioxides Mo0 3 and W0 3 but the salts 
derived from W0 3 are usually complex and correspond with polyacids 
such as paratungstic acid H 10 W ls O n ( - 12W0 3 + 5H 2 0) and mota- 
tungstic acid H 2 W 4 0 13 ( ~4W0 3 4 H 2 0). Ordinary ammonium molyb- 
date is (NH 4 ) 6 Mo 7 0 24 ( =3(NH 4 ) 2 0 + 7M0O3). Cranium differs some- 
what from its companions, since its stable salts are derived from a 
bivalent uranyl radical U0 2 . Molybdenum and tungsten form a number 
of complex acids with phosphoric acid, etc. 

Except in the case of oxygen the maximum valency in the group is 6, 
but lower valencies 2 and 4 are shown in Sub-group 6, and 2, 3, 4 and 5 
in Sub-group a , the metals of which are definitely transitional elements 
(p. 431). 

They show resemblances to neighbouring elements (V, Mn, Fe, Co, Ni) 
and the varying valencies arise from the possiblity of electrons in the shell 
below the valency electron shell functioning easily as valoncy electrons : 

Cr 2 | 8 | 2 f>-5 | 1 

Mo 2 | 8 ; 18 | 2 <> 5 | l 

W 2 j S j IS | 32 | 2-6-4 | 2 

U 2 | 8 | 18 j 32 j 18 | 2414 | 2 

Because of their transitional character the metals form strongly coloured 
compounds which are often paramagnetic,. 

For the same element the acidic character of the hydroxide increases 
with the valency: Cr u (OH) 2 and Cr HI (OH) 3 are basic, Cr VJ 0 4 H 2 or 
Cr VI 0(0H) 2 is acidic, in Sub-group b the dioxides 1I0 2 are acidic, 
forming salts M 2 R0 3 . Tlie lower oxides of Sub-group a are more basic, 
and other oxides e.g. R 2 0 a related to thorns of neighbouring transitional 
elements arc known. 

The halides are predominantly covalent and volatile, although those 
of lower valencies in Sub-group h are either ionic or associated into 
peculiar groupings. Some of them are hydrolysed by water or alkalis. 
All the elements form stable covalent oxychlorides R N1 0 2 01 2 . 


Chromium 

History. — A red Siberian mineral now called croeo'istte described by J. G. 
Lolmiann in 1 7U(> was found by Vaiujuelin and Klaproth in 1797 to be lead 
chromate PbCr0 4 , containing the new element chromium. The name 
chromium (GrooU, chroma colour) was given to the element because it 
forms a large number of coloured compounds. Metallic chromium was 
obtained by Vaiujuelin by reducing the green oxide tr 2 0 3 with carbon at 
a white heat. 

Occurrence. — Chromium occurs in small amounts in some iron 
meteorites. The commonest ore is chromite or chrome-ironstone, ferrous 
chromite FeCr 2 0 4 or Fe(),Cr 2 0„ a spinel (p. 811). Rarer minerals are 
chrome-ochre Cr 2 0 3 anti chromitite Fe 2 0 3 ,20r 2 0 3 . 
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Chromite is mined principally in Greece, Russia, Asia Minor, India, 
Turkey, Rhodesia and New Caledonia. It is very refractory and is made 
into chrome bricks for furnace linings or to separate the silica bricks 
from the magnesia bricks in the lining of the basic-hearth steel furnace. 
Chromite is the source of chromium compounds and chromium alloys. 

Chromium forms three series of compounds : 

(i) the chromous salts CrX 2 containing 2-valcnt Cr, and resembling 
manganous and ferrous salts ; CrO is strongly basic ; 

(ii) the chromic salts CrX 3 containing 3- valent Cr, and resembling 

ferric salts : 0r 2 O 3 is weakly basic and amphoteric ; 

(iii) chromium trioxide CrO ;l , containing G-valcnt Cr and analogous 

to sulphur trioxide, strongly acidic and forming chromates and 
di chromates. 

Metallic chromium. — Chromium is obtained by reducing the green 
sesquioxide in perfectly dry hydrogen at 1 500° or with aluminium in the 
aluminothermio process (p. 807) : Cr 2 0 3 4 2A1 - A1 2 0 3 -f 2Cr. 

A tin canister 10 in. by <> in. is tilloil with coarsely-powdered fluorspar and 
a depression 2 m. x 8 in. made in it- by a large test-tube. The mixture of the 
dry oxide and aluminium powder is pressed into 
this and the (Ru() a t Mg) igniter placed on the top 
(Rig. 383). The fluorspar is a good heat insulator 
so that a fused mass is obtained even with small 
amounts of material. A mixture of aluminium 
powder with an equal or double weight of cal- 
cium turnings, corresponding with the oxygen of 
the oxide, acts even more effectively than alu- 
minium alone and is used in the ease of oxides 
such as Cr 2 0 3 which are reduced with difficulty ; 
or a mixture of 4 parts Cr 3 0 3 , 1 part powdered 
fused K 2 Cr a 0 7 , and 1*9 parts A1 powder, is used. 

Pure chromium is obtained by electrolysing a solution of chromic 
chloride CrCl 3 with a mercury cathode and heating the amalgam in a 
vacuum to remove mercury. It is also deposited electrolytically in 
chromium plating. Chromium is deposited (usually on nickel) in 
chromium platiny from a hot solution of chromic acid and a little 
chromic sulphate with a lead anode. 

An alloy of iron and chromium called ferrochrome is made industrially 
by reducing chrome ironstone with carbon in the electric furnace and is 
used in the manufacture of chrome steel (steel containing chromium). 

Chrome steel is not attacked by acids. An alloy of chromium, nickel and 
iron is used for armour plates. Stainless steel is ordinary stool with 12 to 1 1 
per cent of chromium and up to 0*7 per cent of nickel. vStce Is with 17 to 1 8 
per cent of chromium and 7 per cent or more of nickel are not hardened b\ 
quenching and have superior corrosion resistance. 



Fin. 383. — Arrangrriici 
for thermit reaction. 
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Chromium is a malleable metal, silver- white with a bluish tinge, with 
a high melting point. The pure metal is not very hard, the hardness of 
the eleetrodeposited metal being due to the crystal form and to 
occluded hydrogen. There are three crystalline forms. Chromium 
burns brilliantly in the oxv hydrogen flame forming the oxide Cr 2 0 3 , 
and decomposes steam at a red heat : 

20 f3H,0 Cr 2 O a + 3H 2 . 

Finely-divided chromium left on heating the amalgam is pyrophoric 
and combines with atmospheric oxygen and nitrogen. On heating in 
nitrogen or ammonia it forms the brown or black chromium nitride CrN. 

Chromium dissolves slowly in dilute sulphuric and hydrochloric acids 
especially on heating, forming blue solutions of chromous salts : 

Cr + 2HC1 -CrCl 2 + H 2 . 

The solutions rapidly absorb at rnospherio oxygen, forming green solutions 
of chromic salts : 4001 , + 4 H C \ + Q 2 - 4CrCl 3 + 2H„0. 

Hot concentrated sulpburie acid attacks chromium rapidly, sulphur 
dioxide being evolved. Dilute nitric acid does not dissolve the pure 
metal and in the concentrated acid it becomes passive, and is then 
unattached by dilute acids. Passivity (duo to a film of oxide) is also 
induced by exposure to air or dipping in chromic acid. It is destroyed 
by touching the metal under the surface of dilute sulphuric acid with 
zinc. 


Cmu ) m ov s Compo u nos 

The chromous salts contain 2 -valent chromium and arc powerful 
reducing agents. They are formed by dissolving the metal in acids or 
l>v reducing chromic salts with nascent hydrogen (zinc and dilute acid) : 
Cr*“ 4 H ~(V* j- H , This reaction is reversible and chromous salts in 
acid solution evolve hydrogen, especially in 
contact with platinum, although they do not 
react with pure water. 

50 gin. of pure granulated zinc and 10 grn. 
of finely-powdered potassium dichromate are 
placed in a flask fitted with a tap funnel and a 
delivery tube dipping under water (Fig. 384). 

200 ml. of concentrated hydrochloric acid 
mixed with 100 ml. of water are ad dot i. A 
violent reaction occurs, the liquid first be- 
coming green (OCI 3 ) and then blue (CrCh). 

The liquid is rapidly passed through an asbestos 
filter into a saturated solution of sodium acetate 
(02 gm. of sodium acetate crystals), when red 
chromous acetate Cr(CHVCO s )* is thrown down. 

This is fairly stable ; it- is washed in a closed flask by decantation with 
water saturated w ith carbon dioxide. 

The second part of the preparation is more difficult. f lho air is expelled 
from the flask by hydrogen and the solid dissolved in concentrated hydro* 



Fig. 384.- -Preparation of 
chromous chloride. 
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chloric acid. A blue solution of chromous chloride is formed. This is 
cooled in ice and a current, of hydrogen chloride gas is passed in. 
Chromous chloride hydrate CrCl a ,4H s O is precipitated in blue needles. 

Anhydrous chromous chloride is obtained by heating chromic chloride 
in hydrogen: 2CrCl 3 + H 2 -20rCl 2 + 2HC1, or metallic chromium in 
hydrogen eliloride. It forms white deliquescent silky needles. The 
vapour density at high temperatures corresponds with the equilibrium : 
0r 2 Cl 4 ^2Cr(l. 

Chromous fluoride Or F 2 , formed by the action of hydrogen fluoride on 
CrCl 2 , is white and nearly insoluble. Chromous bromide CrBr* and chromous 
iodide CrT s , formed by passing hydrogen over the heated chromic compounds, 
aro white and soluble in water to blue solutions. 

Sodium hydroxide added to a solution of a chromous salt in absence 
of air precipitates brownish-yellow chromous hydroxide Cr(OH) 2 , which 
is readily oxidised in air and in the moist state evolves hydrogen : 
2Cr(0H) a + 2H 2 0 - 2Cr(OH ). 5 + H 2 . Chromous oxide CrO cannot therefore 
be obtained by heating the hydroxide ; it is formed as a black powder 
on exposure of chromium amalgam to air. 

Chromous carbonate Cr('0 3 is obtainod as a grey precipitate on adding 
alkali carbonate to a solution of a chromous salt. It forms stable rod or 
yellow double carbonates K 2 ( V(( '0 ; , ) 2 ,3J1 2 0 and NagCr(CO 3 ) a ,10li a O, 

Chromous oxalate CrC 2 () 4 ,H 2 G is only sparingly soluble; when moist it 
has little tendency to take up atmospheric oxygen, and when dry it is the 
most stable chromous salt. 

Chromous sulphate 0rS0 4 ,7H 2 0 is obtained in fine blue crystals iso- 
morphous with ferrous sulphate by dissolving the acetate or metal in 
dilute sulphuric acid and cooling the solution. It forms blue double 
salts, e.0.K 2 (V(SO 4 ) 2 ,fiH 2 O. The ammoniaeal solution of ( VS0 4 absorbs 
acetylene and the aqueous solution absorbs oxygen and nitric oxide. 

Chromic Compoun ns 

The chromic salts are stable compounds containing 3- valent chromium 
and mostly exist in at least two modifications : (i) a violet form in 
hydrated crystals or in solution, the latter containing the chromic ion 
Or*** or probably [Cr(H 2 0) 6 ]"' ; and (ii) one or more green modifications 
in which part or all of the chromium is prestmf as a complex ion. In the 
green solutions there is generally hydrolysis. With very weak acids 
3-valent chromium forms complex salts in which it exists in very stable 
anions. Another group of complex compounds are the ammine com- 
pounds with ammonia, e.g. [(V(NH 3 ) fl 101 3 . 

Anhydrous chromic chloride is obtained as a sublimate of peach- 
blossom coloured scaly crystals when chlorine is passed over heated 
chromium or a mixture of chromic oxide and carbon heated to redness : 
Cr 9 0, + 3C + 3Cl ft - 2CrCl 3 + 300. 
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It is also formed by heating the hydrate in hydrogen chloride. The 
crystals are volatile at 1005° arid the vapour density at 1200°- 1 300° 
corresponds with 0rCl 3 . At higher temperatures there is dissociation i 
2CrCl 3 ^ 2CrCl 2 + Cl 2 . The crystals are almost insoluble in cold water* 
and are not attacked by boiling concentrated sulphuric acid, but readily 
dissolve in water in presence of a trace of ehromous chloride (or a 
reducing agent such as 8nCl 2 or CuCl) giving a green solution. 

Three crystalline hydrates of chromic chloride CrCl 3 ,6H 2 0 are known, 
all readily soluble in water, viz. two green and one greyish-blue. The 
darlc-green chloride is the common form. It, is obtained by dissolving 
chromic hydroxide in hydrochloric acid or when chromium trioxide is 
boiled with concentrated hydrochloric acid : 2Cr0 3 + 1 2MC1 - 2CrCl„ + 
301 g + GH a O. The solution is evaporated until its weight corresponds 
with less water than CrCl.^bH.,0, then made up to this weight and 
cooled. 

The greyish-blue chloride is made bv dissolving the crude dark-green 
chloride in its own weight of water, boiling for half an hour under a reflux, 
cooling below 0" and passing in «*\ee kk of hydrogen chloride, when it crys- 
tallises. The Ught-greeu chloride is precipitated on adding ether saturated 
with hydrogen chloride to tlu' filtrate from the greyish-blue chloride and 
passing in hydrogen chloride at 10 . 

In solution the greyish-blue chloride gi\es three chlorido ions, since all 
the chlorine can he precipitated with silver nitrate. The light-green form 
gives only two chloride ions and readily loses a molecule of water. The 
(lark- green form gives only one chloride ion precipitated by silver nitrate 
in presence of a little nitric or sulphuric acid, iiltering rapidly, and it 
readily loses two moJoeules of water. Werner represented the constitution 
of the throe forms as follows • 

greyish-blue . | lY(Oif 2 ) a ]( 'I t 

light-green : [(V(OH L .) rj ( 1 |tl 2 i H 2 0 

dark-green : f ( *r(OI I a ) t i *I a p ’J * 2I1 2 0. 

The atoms or molecules inside the square brackets are directly co- 
ordinated (p. 416) with the metal atom and are not ionisable, whereas the 
radicals outside are ionisable. The number of atoms or molecules co- 
ordinated with the chromium atom is always six. 

Chromic fluoride CrF s sublimes in dark- green needles on passing hydrogen 
Ihiorido over lieatod CrCJ 3 ; it is sparingly soluble. Small quantities of a 
brown solid tetrafluoride ( VK 4 and a bright-red liquid pentafluoride CrF$ are 
formed hv the action of fluorine on chromium. 

Chromic bromide CrBr 3 (greenish -black) and chromic iodide Crl 3 (rod) are 
formed by passing bromine and iodine vapour over heated chromium, and 
form hydrates CrHr 5 ,6H 4 0 and (VI 3 ,9H 2 (). 

Chromic nitrate Cr(NO s ) s is obtained by dissolving the hydroxide in 
nitric acid and crystallises with «H*0. It is stable in the violet form 
and its solution only very slowly becomes green on heating, recovering 
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the violet colour on cooling. The chloride and sulphate readily form 
green solutions on heating and these pass into the violet form only on 
long standing in the cold. If the acid formed by hydrolysis is nearly 
neutralised by alkali, and then an acid is added, a violet solution is 
rapidly formed. 

Chromic phosphate (TP0 4 is formed as an amorphous violet, precipitate 
from chromic salts and sodium phosphate solution. On standing for a day 
or two in contact w r ith the solution it forms a violet crystalline hexahydrate 
( 1 rl 3 0 4 ,6H 2 0. On standing for a week a green amorphous tetrahydratc 
(VP0 1 ,4 jH a O is formed. A green crystalline totrahydrate is formed by 
boiling the violet hexahydrate with water for half an hour, and a green 
dihydrate by boiling the other hydrates with acetic anhydride. All the 
hydrates give a black powder of CrP0 4 on heating. 

Chromic oxide (chromium sesqui oxide) is formed as a green powder 
insoluble in water by heating chromic hydroxide or ammonium 
dichromate : 2f r (OH ), - <>,0, 4 3H t 0. 

(N H 4 ) 2 Cr A -= < ’r 2 0 ;i + X 2 + dH s (), 

or heating sodium diehromate with sulphur in an iron pot and washing 
out the sodium sulphate from the residue : 

Na/’i-A ’ S-.Xa.vSOj \ (V 2 0>. 

A very fine green oxide is produced by gently beating mercurous chro- 
mate : 4Hg 2 OOj - K Hji + '2Cr,0 ; . -r r>() a . 

Dark-green hard hexagonal crystals are formed by fusing the oxide with 
calcium carbonate and boron trioxide, by igniting a mixture of potas- 
sium diehromate and common salt, or bv passing ebromyl chloride 
vapour through a red-hot tu be : 400 .( \ - 2Cr 2 0 ;j 4 - 0 2 + 4CI 2 . 

The crystal line oxide or that produced by ignition of the hydroxide or 
Ammonium diehromate is insoluble in acids, except hot 70 per cent per- 
chloric acid which oxidises it to 0*0 3 ; it may bo made soluble by fusing 
with potassium hydrogen sulphate (forming chromic sulphate) or sodium 
peroxide (forming sodium chromate), or by heating with alkaline per- 
manganate when a chromate is formed and manganese dioxide precipitated 

Cr a 0 3 i 2Mn()/ f 201P -2(>0 4 ,/ -i 2MnO*+H.(). 

Chromic oxide has a very high melting point and is very refractory, 
but it dissolves in fused borax or glass, giving a green colour which 
becomes blue if strontium is present ; this is used in tinting glass and 
painting porcelain. The oxide is used as a permanent green oil pain’ 
called chrome-green. (It is often replaced by a mixture of Prussian blim 
and lead chromate, which is less permanent). 

Chromic hydroxide is formed as a pale greyish-green floeculent pre- 
cipitate by adding an alkali hydroxide or ammonia to a solution of a 
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chromic salt. According to Si ewer t (1891) pure chromic hydroxide is 
precipitated from boiling solutions of chromic salts by ammonia. From 
cold solution the precipitate contains ammonium salt, and if precipi- 
tated by potassium or sodium hydroxide, or if alkali salts are present 
in the solution, it contains alkali which is not removed by washing. 
The precipitate when dried over concentrated sulphuric acid has the 
composition Cr(OH) 3 ,2II 2 0. Cn standing in contact with dilute alkali 
the precipitate slowly " ages ” and changes its properties. 

A dark -green colloidal solution is obtained by dialysing a solution 
of the freshly-precipitated hydroxide in chromic chloride solution. It 
can be boiled hut is precipitated by salts. Chromium hydroxide, like 
aluminium hydroxide, is appreciably soluble in concentrated ammonia, 
and in presence of large amounts of ammonium salts pink solutions 
containing chromammines, e.g. [(VC1(N T H 3 ) 4 H 2 0]C1 3 are formed. 

Rv fusing together equunolecular amounts of potassium dichromate and 
crystallised boric acid and lixiviating with water, a brilliant-green powder 
is left, used as a pigment, under t he name of Guignct's green. This is usually 
supposed to bo the hydroxide ( , r i; 0(()H) 4 but usually contains some boric 
avid ; a product Cr 2 () 3 .2 I41M) free from boric acid was obtained by 
Simon (1929). 

Precipitated eliromio hydroxide dissolves in sodium or potassium 
hydroxide solution to form a grass-green solution which may contain 
a chromite. All the chromic hydroxide is precipitated from the solution 
on boiling, and it has been supposed to be present as a colloidal solution. 
Solid crystalline alkali chromites an* K 3 0r0 3 ,4]f 2 0, Na a 0r0 ;j ,3H 2 0, 
and Na 5 0r0 4 ,8H 2 0 (Frieke and AVindhausen, 1924; Seholder and 
Putsch, 1934). Chrome-ironstone has been regarded as ferrous 
chromite Fc(Cr0 2 ) 2 - 

Chromic sulphide ( V 2 S, is obtained in dark-green or black crystals by 
heating sulphur wit h chromium, or CY('I 3 in 1 1 2 S. It is not decomposed by 
water or acids, fait on adding a solution of ammonium sulphide to a chromic 
salt only chromic hydroxide is precipitated : 

2( vn 3 4 GIRO 4 3(NH 4 ),S - 2 (V(OH )j f 6NH 4 C1 V 3H 2 S. 

Chromic sulphate is obtained as a bluish -violet crystalline mass by 
allowing a mixture of equal parts of concentrated sulphuric acid 
and chromic hydroxide (dried at 100°) to stand for some weeks in a 
loosely-stoppered bottle. From its solution in water containing a little 
alcohol violet octabedra of Or^SO^lHlRO are deposited. 

By heating potassium diehromato or chrome alum with concentrated 
sulphuric acid an olivo-coloured acid sulphate -Pr 2 (S04) 3 ,H 2 S0 4 completely 
insoluble in water and acids is formed. 

Chromic sulphate forms alums with alkali metal sulphates. Po- 
tassium chromic sulphate or ordinary chrome alum KCr(S0 4 ) 2 ,12H 2 0 or 
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K 2 S0 4 ,Cr a (S0 4 ) 3 , 24H 2 0 is obtained by reducing a solution of potassium 
dichromate acidified with sulphuric acid, and forms dark-purple octa- 
hedral crystals. These are also formed on the carbon plate in di chro- 
mate cells after use. Chrome alum is formed as a by-product in the 
oxidation of anthracene to anthraquinonc by sulphuric acid and 
potassium dichromate. It is used in dyeing and calico-printing and in 
tanning. The following experiment is a convenient method of prepara- 
tion : 

Dissolve 20 gm. of potassium dichromate in 150 ml. of hot water and after 
eooling add 4 ml. of concentrated sulphuric acid. Pass sulphur dioxide 
slowly into the well-cooled solution until the red colour, which at first 
changes to brown and then to olive-green, becomes greenish-blue : 

K 2 CT 2 0 7 + HgSO* -• 3S0 2 = K 2 B0 4 i Cr,(S0 4 ), f H s O. 

Set aside in a covered dish for some time and observe the formation of 
purple octahedral crystals of chrome alum. Instead of sulphur dioxide, 
alcohol may be used in the reduction and is oxidised to aldehyde. 

A solution of chrome alum in cold water is dull bluish -red ; on heating 
to 70° it becomes green. Barium chloride precipitates the violet solution 
completely whilst the green solution is not completely precipitated. If the 
green solution is allowed to stand for some time in the cold it becomes violet. 

Chromic acetate is obtained as a green solution, used as a mordant, by 
dissolving the hydroxido in acetic acid. Chromicyanides, e.g. K 3 Cr(nST) 0 
and Ag 3 Cr(CN) 6 , analogous to ferricyanides, and chromithiocyanates, e.g. 
K s Cr(CNS) 6 ,4H 2 0 (dark red), are stable and crystalline. 


Chromium Trioxide ajsd the Chromates 


The acidic chromium trioxide CrO a contains G-valenl chromium and 
forms salts derived from a chromic acid H 2 Cr0 4 which is not known 
but is analogous to sulphuric acid : 
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Chromic acid forms normal chromates (e.g, K 2 Cr0 4 ) and dichromates (e.g. 
K 2 Cr 2 0 7 ), analogous to sulphates and disulphates.* Acid chromates, 
e.g. KHCr0 4 are not known, but by the action of excess of Cr0 3 or by 
boiling the dichromate with nitric acid, trichromates (e.g. K 2 Cr 3 O 10 of 
K 2 0,3Cr0 3 ) and tetrachromates (e.^. K 2 Cr 4 0 13 or K 2 0,4Cr0 3 ) are formed 
as red crystals. 


♦ A common mistake is to suppose that a dichromate is formed by “ oxidising 
a chromate (as a permanganate is formed by oxidising a manganate). Bole 
chromate and dichromate contain the same 6- valent chromium. 
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In. the manufacture of chromates and di chromates the starting 
material is the mineral chromite or chrome ironstone FcCr 2 0 4 (ferrous 
chromite). 

When finely -powdered chromite is strongly heated with an alkali or 
alkali carbonate with free exposure to air, the chromium is slowly 
oxidised to a soluble chromate and the ferrous iron to ferric oxide i 
4FeCr 2 0 4 + 1 ONaOft 4- 70, - 2Fe 2 0 ;i + 8Na 2 Cr0 4 + 8H a 0 
4FeCr 2 0 4 + 8Na 2 00 5 4 70, =-2Fe 2 0 3 + 8Na 2 Cr0 4 4- 8C0 2 . 

Oxidation is faster with a mixture; of alkali carbonate and potas- 
sium nitrate or chlorate : 

2FeCr 2 0 4 4- 4K,(X) ;i 4- 7KN 0 3 - Fe,0 3 4- 4 K„0r0 4 + 7KN0 2 4 - 4C0 2 
6FeCr 2 0 4 + 12K 2 CO., + 7KC10., -3Fe 2 0 s + 1 2K 2 Cr0 4 + 7KC1 + 12C0 2 , 
or with sodium peroxide : 

2FeCr,0 4 4 7Na 8 0 2 - Fe 3 0 8 +4Na 2 0r0 4 4- 3Na 2 0. 

On the technical scale Iiisjou with potassium carbonate was formerly 
used, the yellow solution of potassium chromate being acidified with 
sulphuric acid, when on cooling potassium dichromate K 2 (Jr 2 0 7 is formed in 
bright-red crystals : 

2K 2 Cr() 4 \ H 2 »S( ), -- K 2 Cr 2 0 7 4 K 2 S0 4 + ll 2 0. 

In the modern process a mixture of finely- powdered chromite, sodium 
carbonate and quicklime is boated to redness on the hearth of a reverbera- 
tory furnace with free exposure to air, when carbon dioxide is evolvod and 
sodium chromate is formed. The function of the quicklimo is probably to 
keep the mass porous mid prevent fusion. The sodium chromate is extracted 
with water and concentrated sulphuric acid is added : 

2Nu s ( 'r() 4 i H,S0 4 Na 2 (‘r 2 0 7 4 Na 2 S0 4 4 11 3 0. 

The sodium sulphate crystallises and is removed. The solution is concen- 
trated and deliquescent red crystals of sodium dichromate Na 2 Cr 2 0 7 ,2H 2 0 
slowly separate on cooling. 

Sodium dichromate is cheaper and more soluble, but may be con- 
verted into potassium dichromate by crystallising from a solution 
of sodium dichromate and potassium chloride. Chromates and di- 
cliro mates are used as oxidising agents, as mordants in dyeing, and in 
preparing insoluble pigments. 

By the action of concentrated sulphuric acid on a solution of a 
chromate or dichromate, red chromium trioxide 0r0 3 is obtained. This 
is often called “ chromic acid ” although it is the anhydride of this acid, 
which would have the formula ft,Cr0 4 . The solution of chromium 
trioxide is red in colour and strongly acid. The colour, the depression 
of freezing point, and the conductivity show that the substance present 
is mostly dichromic acid H,0r,0 7 or the ion Cr 2 0 7 : 

2O0 3 4- H ,0 ^ 2ft ‘ 4- Cr 2 0 7 ". 
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Chromium trioxide is prepared in the laboratory as follows : 

Dissolve 50 gm. of K 2 Cr 2 0 7 in 85 ml. of hot water and to the cooled solu- 
tion add slowly with stirring 70 ml. of concentrated H 8 S0 4 . Allow to stand 
for twelve hours and pour the liquid off the crystals of potassium hydrogen 
sulphate which have separated : 

K 2 0 2 0- + 2H 2 S0 4 -- 2Cr<) 3 + 2KH80 4 + H a O. 

Heat to 85°, add 25 ml. of sulphuric acid and just sufficient water to dissolve 
the CrOj separating. Allow to stand twelve hours and decant the liquid 
from the crystals of Cr0 3 . Wash the latter with pure nitric acid in a Buchner 
funnel containing asbestos, drain well and boat to 50° to 80° in a tube in a 
current of pure dry air to remove adhering nitric acid. 

Pure chromium trioxide forms small bright violet-red needle-shaped 
crystals ; the commercial substance is a red solid. Chromium trioxide 
is very deliquescent. It melts at 108° to a dark-red liquid, solidifying on 
cooling to a reddish-black mass with a metallic lustre. When heated 
at 420° it loses oxygen : 4CrO ;j - 2Cr 2 0 3 + 80 a , and a little of the tri- 
oxide sublimes. Chromium dioxide Cr0 2 is said to be formed as an inter- 
mediate stage, or by heating chromic nitrate*, but it has a somewhat 
variable composition. It may be formulated as basic chromium 
chromate (Or 1 1 r 0) 2 Cr v] 0 4 . 

Chromium trioxide is a very powerful oxidising agent. Alcohol dropped 
on it inflames and the concentrated solution is reduced by sugar, oxalic 
acid, paper, cork, etc. It oxidises sulphur dioxide, hydrogen sulphide, 
stannous chloride, arsenious oxide, ferrous salts, iodides, etc. In acid 
solutions the reduction is always to a chromic salt : 

2Cr() ; , ■= Cr 2 0 3 + 30. 

200 3 + 3S0 2 - Cr 2 (S0 4 ) 3 (some dithionate is also formed ) 

200 3 -}- 3H 2 S 4 3H 2 S0 4 -- O 2 (S0 4 ) 3 S-+ HH,0 
2Cr0 3 -i- 3SnCl> , 12IIC1 2CH , 1 3 + 3Sn( + (>H.O 
4CrO s -+ 3As 2 0 3 i 12HC1 + 3H 2 0~ 4Cv(\ + f>H 3 As0 4 
2Cr0 3 + GFoSO« f GJJ ,S0 4 =- 0,(S0 4 ), + 3Fo,(K0 4 ), f Oil 2 () 

K,O,0 7 + GFeS0 4 + 7H 2 S0 4 - Cr 2 (S0 4 ) 3 + 3Fe 2 (S0 4 ) 3 + K,K0 4 + 7H 2 0 
K 2 Cr 2 0 7 + OKI 4- 7H 2 S0 4 O 2 (S0 4 ) 3 + 4K 2 S0 4 + 31 2 4 711,0. 

A solution of potassium dicliroinate mixed with sulphuric acid is very often 
used as an oxidising agent; a solution of chromium trioxidc in glacis! 
acetic acid (which is not oxidised) is also used. 

Chromates. -Metallic chromates if soluble are formed from the oxides, 
hydroxides, or carbonates and chromium trioxide ; if insoluble they 
can be prepared by double decomposition. All soluble chromate 
are poisonous. 

Potassium chromate K 2 Cr0 4 is obtained in lemon-yellow readily soluble 
crystals, m. pt. 968’3°, by evaporating a solution prepared by addim 
the correct amount of potassium hydroxide or carbonate to a sola 
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tion of chromium trioxide or potassium diehromate. The salt is 
isomorphous with potassium sulphate. Its yellow solution is alkaline. 

Potassium dichromate K 2 0r 2 0 7 may he obtained by adding the requisite 
amount of sulphuric acid to a saturated solution of the normal 
chromate, and crystallises on cooling in garnet -red crystals, m. pt. 396°. 
It is much less soluble than the normal chromate and forms an orange- 
red solution with ail acid reaction. 

Both potassium salts are non-deliqueseent and crystallise without 
water. The solubilities of the two salts in 100 parts of water arc : 

O' Mr <>o J ior»o J 104-8° 

K 2 Cr0 4 - - 57*11 fir,- 1 3 74-00 88-8 (b.pt.) 

K/Y/)? - 4 04 18-09 J0-J0 — 100-2 (b.pt.) 

Sodium chromate Na 2 (V0 4 ,l0ll 2 0 and dichromate Na 2 0r 2 0 7 ,2H 2 0, made 
oil a large scale, are deliquescent, Ammonium chromate (XH 4 ) 2 Cr0 4 is 
unstable and tends to lose ammonia, forming the diehromate; it is 
obtained by crystallising from solutions containing excess of ammonia. 
Ammonium diehromate (NHj)Xr 2 0 7 is readily obtained by adding 
ammonia to the requisite amount of chromium trioxide in solution and 
crystallising. It. forms orange-red crystals which decompose violently 
on heating, evolving nitrogen and steam and leaving a voluminous dull- 
green mass of chromic oxide : (XH 4 ) 2 CY 2 0 7 ( Y 2 () 3 + X 2 + 4H 2 0. 

Potassium diehromalc is used in volumetric analysis lor the estima- 
tion of ferrous iron ; 

K„Cr A + 7H.,S0 4 + (iln-SOj - ( V s (S( J,) a i K,S0 4 + 3Fc 2 (S0 4 ) :1 + 7H 2 0. 

The most important- sparingly soluble chromates are : 

Silver chromate AgA YO brick -red, rather sparingly soluble in acids and 
ammonia. 

Barium c hr o m ate Bat YO,. yellow, insoluble in. acetic acid, soluble in 
hydrochloric, nitric and chromic acids ; used m the gravimetric determina- 
tion of barium or a chromate. 

Zinc chromate (basic) Zn^tOf l) 2 Cr0 1 ,H 2 0, a yellow pigment. 

Lead chromate Pb(V() 4 {rlinmit-in'llow— used as a pigment), precipitated 
from Pb(N0 3 ) 2 and K.,( Y.,<> : , soluble in nitric acid and in alkali hydroxide 
(forming a chromate and a plumbite), the least soluble load salt but more 
soluble in hot water. 

Basic lead chromate Pb,,(YO, (chromc-red— used as a pigment), formed by 
digesting PbCr() 4 with cold sodium hydroxide solution ; mixed with 
Pb0rO 4 it forms the pigment chrome -orauqc* 

Basic bismuth diehromate (ni<>) a ('r s 0 7 . oriume yellow. 


Chromyl chloride.- Sulphury I chloride- SO,Ol 2 fa the chloride of sul- 
phuric acid S0 2 (0H) 2 , and chromyl chloride Cr0 2 01 2 is the chloride of the 
hypothetical chromic acid Cr0 2 (0H) 2 or H..Cr() 4 . 

0, 01 O Cl 
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Chromyl chloride is prepared by distilling a dry mixture of sodium 
chloride and potassium dichromate with concentrated sulphuric acid 
in a retort ; a deep-red vapour of chromyl chloride condenses in a 
cooled receiver to a deep-red (nearly black) liquid like bromine : 

4NaCl + K 2 0r A + 6H 2 S0 4 « 4NaHS0 4 + 2KHS0 4 + 3H*0 + 2Cr0 a 01 2 . 

Bromides and iodides do. not produce corresponding compounds when 
distilled with dichromate and sulphuric acid but the free halogen is 
liberated : this may be used in the detection of chlorides in presence of 
bromides and iodides, since if a chloride is present the distillate when 
collected in water produces chromic acid and gives with load salts a yellow 
precipitate of PbCr0 4 . 

If concentrated sulphuric acid is added in small quantities at a time 
to a cooled solution of chromium trioxide in concentrated hydrochloric 
acid, chromyl chloride separates : 

CrO s +2HCI - 0r0 2 01 2 4 H 2 0. 

Chromyl chloride, b. pi. 116*7°, lias the normal vapour density. It is 
violently decomposed by water : 

0r0 2 Cl 2 4- H 2 0 « Cr0 3 4 2HC1, 

Chromyl chloride is a powerful oxidising agent, exploding in contact 
with phosphorus (cf. Br 2 ) and inflaming sulphur, ammonia, alcohol and 
many organic substances. 

When three parts of powdered potassium diehromate are dissolved in 
four parts of warm concentrated hydrochloric acid and a little water and 
the liquid cooled, or if chromyl chloride is added to saturated potassium 
chloride solution, red crystals of potassium chlorochromate KCr0 3 Cl 
(Peligot’s salt) are formed : 

K 2 0r 2 0 7 4- 2HC1 - 2KCrO ;j Ci 4 H 2 () 

Cr0 2 Ci 2 4 KC1 4 HoO - KCrO a Cl 4 2HC1. 

This may be regarded as derived from a hypothetical chlorochromic 
acid : 

chromic acid Cr0 2 (0H) 2 chlorochromic acid Cr() 2 (()H)Cl. 

Perchromic acid. — If a solution of chromic acid or of a chromate 
acidified with sulphuric acid is added to hydrogen peroxide solution, 
a blue liquid is produced which gives a deep indigo-blue colour in 
ether when shaken with it. This blue solution contains a higher 
oxygen compound of chromium called perchromic acid. On standing 
over dilute acid , the solution in ether slowly loses its colour and the 
dilute acid becomes green from formation of a chromic salt. On 
addition of alkali to the blue ether solution, oxygen is evolved and a 
chromate is formed. 

By the action of organic bases (aniline, pyridine, etc.) on the blue ether 
solution, deep-blue salts are formed which are explosive. These have been 
represented as 0rO 4 (OR),M e O 2 , derived from HOO*, or as acids salts 
RH 2 Cr0 7 derived from H 3 ( V0 7 , but they appear to be addition compounds 
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oi an oxide CrO s and not- true Ralls. When ammonia gas is passed into the 
>)lue solution in ether the compound (V0 4 ,3NH 3 separates. From alkaline 
chromate solutions mid U a O a , red salts of the formula R 3 (YO H are obtained, 
which on treatment with acids evolve < >\y gen and form the blue salts. 
The red salt K 3 Cr0 8 appears to be : 
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containing 5-valcnt chromium and having an odd electron, as confirmed 
by its paramagnetism. I lie blue pcrchromic acid was formulated as 
(’rOn.HaO, by Moissan and as H s (*r0 8 by Riesenfold. Riesenf eld obtained 
very explosive dark-blue crystals by adding 97 percent hydrogen peroxide 
to(YO ;l in rnothyl ether at 30 f , pouring off the blue liquid from excess 
of C 4 rO« and evaporating in a vacuum at - 30*'. Ho regarded it as froe 
perchrornic acid, H s (‘r0 8 ,2HL0, but according to Schwarz (J93«) it is a 
compound of methyl ether with a non-acidic oxide of 6- valent chromium, 
OOft, viz. 00 B ,(CH 3 ) 2 0, the oxide being : 

0 VI ,<> 
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The atomic weight of chromium has been found by reducing silver 
chromate and dichromate with sulphurous acid and precipitating the 
silver as chloride or bromide. The valency is found from the atomic 
heat, the vapour density of CRT, and (V0 2 C1 2 , and the isomorphism of 
chromates and sulphates. 

MohynoKxcivi 

The mineral wnUfMenih , which is found in Norway, Mexico, Colorado, 
Korea, and China, resembles graphite but. was found by School© (1778) 
to consist of molybdenum sulphide MoK,. When roasted in air it loaves a 
residue of molybdenum trioxide Mo() 3 which dissolves in excess of ammonia 
to form ammonium molybdate (Nll 4 )J\lo0 4 . The crystals obtained by 
evaporation (ordinary ‘'ammonium molybdate”) are more complex, 
(NH 4 ) # Mo,0 2 j,4H 2 0. Molybdenum and tungsten show markod tendencies 
to form such complex compounds. A solution of ammonium molybdate 
iu nitric acid gives with phosphoric acid in the cold a canary -yellow pre- 
cipitate of (NHdaPO,, I 2Mo0 3 ,2HN0 3 ,H 2 0, which when heated for some 
time at 1 50 - 1 S(h leaves ammonium phosphomolybdate (NH 4 ) 3 I > G 4 ,12MoO ; ,. 
On gontlo ignition a black residue of 1 > 2 <4 6 ,24MoC) 3 is left. A solution of 
ammonium molybdate m dilute nitric mad slowly deposits yellow 
Tf-molybdic acid H 2 Mo0 4 ,H 2 0 which at 70° in water forms white /3- molybdic 
acid H 2 Mo() 4 . Colloidal molybdic acid is formed by dialysing a solution of 
mninoriium molybdate and hydrochloric acid ; it forms a gum on 
evaporation. 

On heating molybdic acids or ammonium molybdate, white molybdenum 
dioxide MoO ; „ which sublimes on heating, is formed. On heating this in 
•ivdrogen at 500 it. forms reddish-brown molybdenum dioxide Mo0 2 , and 
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this is reduced in hydrogen at 1200° to a grey powder of metallic molybdenum. 
Molybdenum (discovered byfijelrn in 1782) is made commercially by strongly 
heating molybdenum trioxido with carbon. The grey powder sinters at 
10(H) 0 and can be hammered into rods, which are drawn into fine wire, 
used to support tungsten filaments in electric lamps. The metal is silver- 
white, fairly soft, oxidises slowly in air at room temperature and rapidly 
on healing, and burns when heated in oxygen, forming volatile Mo0 3 . 
Ferromolybdenum is used in making alloy stools. 

Molybdenum shows valencies of 2, 3, 4, f>, and G, the compounds with 
lower valencies being reducing agents. Molybdenum hexafluoride MoF f> , the 
only fluoride known and the only halide of G-valont molybdenum, is formed 
in colourless crystals by direct combination of the metal and fluorine. 
Molybdenum pentachloride MoOJ 6 sublimes in black crystals on heating 
molybdenum in chlorine. It fumes in moist air. Molybdenum tetrachloride 
MoC 1 4 is formed as a brown sublimate on heating molybdenum trichloride 
2 MoC1 3 =.MoC 1 1 4 MoC) a , the trichloride being formed in copper-red crystals 
by passing a mixture of Mod 5 vapour and carbon dioxide through a heated 
tube. The trichloride is insoluble, but forms a soluble red hydrate 
MoC1 3 ,3HoO (c/. CrCl 3 ), obtained in solution by electrolytic reduction of ;i 
solution of Mo0 3 in hydrochloric acid. ( *om pounds of bivalent molybdenum 
are unimportant ; the so-called dichloride, an amorphous yellow solid formed 
by heating MoCl a in dry carbon dioxide, is Mo 3 d 0 and probably has the 
structure 

('I Cl 

d— Mo£ J M( >Mo— Cl 

' ci d 

and similar compounds are formed with other acid radicals. 

Besides the well-known molybdenum trioxide, there is a pentoxide 
formed by heating Mo and Mo() 3 at 750’, and hydroxides MoO(OH) a and 
Mo(OH),.* 

Molybdicyanides M 3 Mo(CN) 8 contain 5- valent molybdonum and molybdo- 
cyanides M 4 Mo(GN) 8 contain 4-valent molybdenum ; the latter give a blue 
colour with ferric salts. In these compounds molybdenum has the 
coordination number 8. 

An important compound is phosphomolybdic acid, usually formulated 
P a O 6 ,24MoO a ,03H 2 O, obtained in deep- yellow crystals by heating ammo- 
nium phosphomolybdafco with aqua rogia and reorystallising from water 
containing a little nitric acid. 


Tc/NOSTKN 

The heavy mineral which is now called .schcelite was found by Schfvir 
in 1781 to be calcium tungstate, CaW0 4 . A commoner mineral is wolfram , 
ferrous tungstate FeW0 4 found witli tinstone in ( Cornwall but most abundant ly 
in Burma and China. If these minerals are boiled with concentrated 
hydrochloric acid , a yel low powder of tungsten trioxide WO s (“ tungstic aci< i ) 
remains. 

Metallic tungsten is obtained by reducing the trioxide with carbon 
hydrogen at a red heat : ferrotungston, obtained in the electric furnav* 
used for special steels (7-20 per cent of W ; 2~G per cent of Cr.) Tung^ 
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filaments (m.pt. 8400°) are nsod in el or trie lamps. Thoy are made by re- 
ducing pure tungsten trioxido in dry hydrogen at 1200", pressing the 
tungsten powder into rods, sintering those at 2500° in hydrogen, rolling and 
hammering at a high temperature, and then drawing at 400' -000", finally 
through a bored diamond. 

Tungsten burns to WO s in oxygen at a red beat and in chlorine to \VGl fl 
at 250°-300 c . It- is only slowly attacked by acids but rapidly by fused 
alkali. 

Tungsten shows valencies of 2, 3, 4. 5, and (>, the compound** with lower 
valencies being reducing agents. It- shows a greater tendency than molyb- 
denum to form complex compounds. 

Tungsten hexafluoride \YK fl is a colourless fuming liquid, b. pt. HMf, 
fori nod bv distilling the hoxachlorido with anhydrous hydrofluoric acid : 
\VCI fl 4 hi IE” WF« f-OllCl. Tungsten hexachloride WG1 6 is formed m black 
crvsfals, m. pt. 275 \ by heating tungsten in dry air-free chlorine: it is 
insoluble in water. Two oxychlorides known are red WOCl 4 and yellow 
\V().,< 'b. Tungsten pentachloride WGI : ,, tungsten tetrachloride WCI 4 , and tungsten 
dichloride W 3 C] 0 (with the sanio structure as Mo 3 C1,,) are known, but tungsten 
trichloride is known only in the form of greenish -yellow double salts 

M.W-XV 

]f tungsten trioxide (or wolfram) is heated with sodium carbonate, 
soluble sodium paratungstate, a complex salt, Na 10 W, 4) 41 ,28H 2 0, is obtained, 
which is used as a mordant and in rendering flannelette non-inflammable. 
This is derived from a hypothetical parutungstic acid HnAV J2 0 41 or 
12 WO, I 5H s O. 

From a solution of sodium paratungstate in the cold, hydrochloric acid 
precipitates white oc-tungstic acid, lf 2 W0 4 ,H,(), appreciably soluble in water. 
From hot solutions, yellow insol u hi o />- tungstic acid, IkWO,, is thrown down. 
Colloidal tungstic acid is obtained by dialysing a solution of sodium tungstate 
to which hydrochloric acid has been added. When a solution of sodium 
paratungstate is boiled w ith tungsten trioxido sodium metatungstate isformod 
and can bo obtained m crystals Na*\V,<W0H 8 O. This gives no pre- 
cipitate with acids, since meTatiingstie acid is soluble ; it can be obtained 
m crystals H a \V 4 () ia ,SH 3 < ). Metal imgstic acid I l 8 W 4 O ia may be formula, ted 

as 4\VO a f H 2 (). ” . 1<jP . 

Phosphotungstic acid I\/> M 24W0 3 ,<;3!I/>, obtained by acidifying a solution 
of sodium phosphate and sodium tungstate w it h sulphuric, acid, is crystal- 
line and is soluble in ether, and is used as a reagent tor alkaloids and 
proteins, which it precipitates. It also precipitates potassium and 
ammonium (but not sodium) salts. 


Ukanitm 

The block mineral called pileJibletidc. found in Cornwall, Bohemia, East. 
Africa, the Caucasus, an.l especially Canada (Croat Boar Lake), was 
found by Klaproth (17KB) to be the oxide oi a metal which lie (ailed 
uranium' ; it is U,(),. Carnotitc is a vanadate of uranium and P''<^sium 
140 por coat of U). All t hose ores contain traces of radimn. If pitchblende 
,S dissolve, 1 in concentrated sulphuric acid, the lead etc. separated by 
1KN, and ammonia added to the filtrate, a precipitate oi ferric hydroxide 
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and uranyl hydroxide UO a (OH) 2 , is formed. From this ammonium carbonate 
dissolves the uranium, forming a crystalline compound U0 2 (XI 3 ,2(NH 4 ) 2 C0 3 , 
which on ignition yields the pure oxide U 3 0 8 . When this is dissolved in 
nitric acid, yellow fluorescent crystals of uranyl nitrate UO s (N0 8 ) a ,6H 2 0, 
commonly called uranium nitrate,” separate. Uranium salts mostly 
contain the bivalent uranyl radical U0 2 . They are used in photography 
and in making fluorescent glass. 

Uranium shows valencies of 3, 4, 5 and 0. The chlorides UC1 5 , UCJ 4 , and 
UC1 3 , and the fluorides UF 4 and UF a , are known. Uranium tetrachloride UC1 4 
sublimes in green crystals on heating a mixture of UO a or U 3 O h and carbon 
in a stream of chlorine ; it is soluble in water, alcohol, and benzene. 
Uranium pentachloride IJU1 5 (the only compound of 5 -valent uranium) is a 
red or brown solid formed by the action of chlorine on UC1 4 . Uranium 
trichloride UC1 3 is formed in red noodles by heating UC1 4 in hydrogen, or 
as a red solution by reducing a solution of UC1 4 in hydrochloric acid 
with zinc ; it is a strong reducing agent. Uranium hexafluoride UF a (white, 
soluble solid) and uranium tetrafluoride UF 4 (green, insoluble solid) arc 
formed by the reaction 2UCI 6 4 f>F 2 = UF e 4 UF 4 4- 5C1 2 . Uranium oxyfluorides 
UOF a and UO a F a are known. Uranium oxychloride UO 2 0l 2 (c/. 0rO 2 Cl 2 ) 
is formed by heating the oxide with charcoal in chlorine. Tt was thought 
to be uranium chloride until Poligot (1841) showed that, when heated with 
carbon in a current of chlorine, carbon monoxide is formed and dark-green 
crystals of UC1 4 sublime. By boating UC1 4 with sodium he obtained 
metallic uranium. Alloys with iron are obtained in the electric furnace, 
and used in making spoeial steels. 

Metallic uranium is difficult to obtain pure as it combines easily with 
oxygen, nitrogen and carbon. It is silver -white, malleable and ductile, 
density 18-7, giving strong sparks when filed and when the powder is thrown 
into a flame. The powder oxidises in air and slowly decomposes water. On 
heating it bums in oxygon to U 3 0 8 and in chlorine to UC1 4 . It forms a 
hydride U1I 3 , and a yellow nitride U IV 3 N 4 at 1000 J . 

The common oxide is U 3 O g ; when strongly heated in hydrogen this 
forms the black dioxide U0 2 , dissolving in acids to form uranyl salts. The 
trioxide UO a is acidic and is formed by heating uranyl nitrate at 250° or 
the peroxide U0 4 in oxygen. It forms uranic acids H 2 U0 4 , H 3 U0 4 ,H 2 0, 
and H 2 U 2 0 7 . The uranates are precipitated by alkalis from uranyl salt 
solutions : U0 2 *‘ + 40FT - U0 4 " 4 2H a O. The alkali uranates are usually 
formulated as K 2 U 2 0 7 , 3H 2 0 and Na 2 U 2 0 7 ,6H 2 0, the sodium salt {uranium 
yellow) being used for painting porcelain and making yellow fluorescent 
uranium glass ; these salts may have more complicated formulae. 

A yellowish-white uranium peroxide U0 4 ,3H 2 0, or U0 4 ,2H 2 0 when dried 
at 100°, is precipitated by hydrogen peroxide from a uranyl salt solution ; 


its structure may be 




A red colour due to a peruranate is formed 


with hydrogen peroxide and alkali. 

The transuranic elements are mentioned on p. 407. 

The formulae of complex tungstates.— The alkali paratimgstates have 
been formulated as 5M 2 0,12W() 3 or 3M 2 0,7W0 3 ; the decision on tl 
basis of analyses is difficult on account of the high atomic weight of 
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“ST b “, “"Ij™ «*n«l will, u«. formula 5M,0, 

I.WO, mod on p. «:>. amnmiim. l „„| y i„ te( , hm ))Wn b 

,V»y anlyrn. to 1» (NH, i.,, 3(NH,),0,7M„0, ss>3), it i» 

;frL' «*w«- *• hMfM. )»« » similar formula, 
3 iSia 2 0 , 7 W 03 or Na e \Y 7 0 M instead of r>Na.,0 12WO or W o 

The formula M 2 0,4W(, or M,W 4 0„ for the LlaZ^tl (p^ 
also based on accurate analyses, hot its X-ray structure is regarded 
“™' % T t0 tlhat ,,f Ule phosphot ungstato (p. 895), containing ttie ion 
• oJwa ' rt( '" 1 ,mH formulated as H 6 |]I 2 W,„O 40 ], 

i.o. 24W°,,4H a ° mstead of H 2 VV 4 () I3 or 4\V0 J ,H 2 0. Phosphotungstic 
acid can st.ll be formulated as 2II a |PW I2 0 4() | 3ffd).l\0 5 ,24W0 3 . 

Polonium. In the hydrogen sulphide precipitate from a solution of 
pitchblende, Mrno ('uric (1898) discovered a radioactive element aeeo.n- 
panying bismuth which she called /Mm. It is identical with radimn-F 
(p. 402) and emits a-ra.vs to form inactive radimn-d (radio-load). Marck- 
wald (J902) showed that it is precipitated on a plate of bismuth ; it is 
separated from tellurium b\ precipitating tlie latter with hydrazine, when 

polonium remains in solution. It can also be, separated by dialysis, since 
it. behaves as a colloid. 



CHAPTER XLV 


MANGANESE AND RHENIUM 

Group VII comprises the Sub-group b containing the halogen element 
and the artificial element astatine (At), and Sub-group a containing tin 
natural elements manganese and rhenium and the artificial elemeni 
technetium (To). 


Sub-group (a ) 


Kleetrun 




even series : 

At. No 

ronfliniratiou 

Density At. Vol. 

M. Pt. 

B. Pt. 

Mn 

25 

2*8*13*2 

7*39 7*4 

1200° 

1900° 

T<* 

43 

2*8*18*14*! 

— 

— 

- 

Re 

75 

2*8* 18*32* 13*2 

21-2 8*7 

31l>7' 

— 

Sub-group (h ) 


Kit etron 




odd series: 

At. N 

o. cimluruiutioii 

Density 

M. Pt 

B. Pi. 

F 

9 

2 2*5 

1-108 

217*8' 

187' 

Cl 

17 

2* 8*2* 5 

1*557 

101-6 

- 3 Hi 

Hr 

35 

2 8* 18*2*5 

2*948 

7*2 

58 7 

1 

53 

2 8*18*18*2 5 

3 705 

113*9 

1S4 4 

At 

85 

2 8* IS 32 18*2*5 




(The densities of the halogens arc* of the liquid 

is at thr 

b. pt .) 


The marked disparity in properties between members of the even ami 
c dd series beginning in Group Y and increasing in Group VI has nou 
reached an acute stage. The only way in which manganese and rhenium 
resemble the halogens is in the formation of \oIatile acidic; heptoxick ^ 
Mn 2 0 7 and Re 2 0 7 , analogous to C1 2 0 7 (the corresponding oxides of tlw* 
other halogens are unknown). Mn 2 0 7 is explosive like C1 2 0 7 , bin 
Rp 2 0 7 is not. The perchlorates, e.g. K010 4 , and permanganates, e . </. 
KMn0 4 , are isomorj)hous and both silver perchlorate and permanganate 
are sparingly soluble in water. 

In its remaining compounds manganese as a transitional elemeiu 
shows close analogies with chromium and iron. The metals are similar 
in physical properties, and both manganese and chromium form bash 
sesquioxides M 2 0 3 , dioxides M0 2 , and acidic trioxidcs M0 3 (MnO 
known only in its salts, the manganates). Potassium chromate (yellov 
K 2 Cr0 4 and potassium manganate (green) K 2 Mn0 4 are isomorphom 
Manganese resembles magnesium and zinc in forming a sparing!; 
soluble MnNH 4 P0 4 , and it resembles iron in forming three oxides <- 
the types MO, M 2 0 3 , and M ;i 0 4 , the first two basic, although tic 
oxides M 2 0 3 are also weakly acidic. The manganous salts are mor 
stable than the ferrous salts ; they do not oxidise in air and the sir 
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phate is more stable to beat-. The ferric and chromic compounds, on the 
other hand, are more stable than the manganic ; Mn01 s very easily 
decomposes into MnCl 2 and chlorine, and manganic salts are powerful 
oxidising agents. A manganese a, him KMn ,Il (SO 4 ) 2 ,12H 2 0 resembles 
ferric alum but is less stable. 'Manganic salts are easily hydrolysed 
since Mn(OH) :i is a weak base and is amphoteric. 


Ma SOANES E 

History. — The most important ore of manganese is the black dioxide Mn0 4 , 
pgmlutfitc, referred to by Plmy as magnes but confused with tlie magnetic 
oxide of iron Ke 3 () 4 . The name j^grolnsilr, (Crook pgr fire. Inn 1 wash) refers 
to tho use of the mineral in decolorising green glass. If pyrolusite is added 
in small quantity the green ferrous silicate is oxidised to ferric silicate 
winch has a pale-yellow colour, neutralised by l ho purple tinge due to tho 
manganese. With excess of pyrolusite a violet colour is produced. 

Pott in 1740 and Scheeb* in 1771 investigated pyrolusite. Metallic 
manganese was first, obtained m an impure? form by Calm in 1774 by 
strongly heating the oxide with carbon. A purer metal was obtained by 
John m 1 N07. 

Occurrence. — Pyrolu-ite occurs mainly in India, South Africa, the 
Cold Toast, and Russia. It is usually contaminated with ferric oxide 
and barium, often in the form of /« ilo nidan*, (Mu,Ra)0,2Mn0 2 , corres- 
ponding with Weldon mud TaO/JAInCk,. Pyrolusite always contains 
less oxygen than corresponds with flu* formula Mn0 2 . Most of the ore 
is now used in smelting for ferromanganese. 

Less important, minerals are hraumte Mji 2 0.„ hmtxnianmtc Mn ;j 0 4 , man- 
(janitc MnoOjdLO' h>dra(«*d dioxides trait arid pstlotnt lane, <t iff logit c or 
rfiorfocroxite MnCO :i , rh<«l(nutr MnSi() fl , alahatahtr MnS and hauente MnS a . 
The deposits of hydrated oxides are sedimentary (jnvcipitat.es, or derived 
from oxidation by plants etc. in lakes) or metamorphie (derived from the 
weathering of rocks). Manganese compounds in the soil are important in 
biological processes. 

Metallic manganese. —Impure manganese is obtained by reducing 
the oxide Mn. { 0 4 with carbon at a high temperature: Mn ;1 0 4 -f40 — 
3Mn + 400. If less than the theoretical amount of carbon is used in the 
electric furnace, a purer metal (nearly free from carbon) is produced. 
A purer metal is obtained by heating t he chloride with sodium or mag- 
nesium, or by reducing the oxide Mn ;$ 0 4 w ith aluminium in the alumino- 
thermie process (p. 882) : 

3Mn a 0 4 4 SAl AIM n + 4AI 2 0 3 . 

The purest, metal is obtained by electrolysis oi concentrated man- 
ganous chloride solution with a mercury cathode and distilling off the 
mercury in a vacuum at 250°. 
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Manganese is greyish-white, or reddish -white, hard and brittle, with 
a fairly high melting point, 1260°. When pure it is not easily oxidised 
by air. The metal unless very pure decomposes water even in the cold 
with evolution of hydrogen, and readily dissolves in dilute acids forming 
manganous salts and evolving hydrogen (even with cold dilute nitric 
acid) : Mil + H 2 S0 4 - MnS0 4 + H 2 . It unites directly with nitrogen at 
a high temperature forming nitrides Mn 5 N 2 and Mn T N 2 (also formed by 
passing ammonia over the heated metal), and with carbon in the electric 
furnace forming a soft carbide Mn.,0. 

Alloys of iron and manganese are ferromanganese (70-80 per cent Mn 
and lass than 0-3 per cent carbon) and spiegeleiscn (so-called from its flat 
mirror-like crystals ; 20-32 per cent Mn and more than 0*3 per cent carbon) , 
manganese steel is very liard and tough and is used for jaws of rock -crushers 
and for machinery. Manganese bronze is copper alloyed with manganese 
and zinc. Mang<tnin is an alloy of copper, manganese and nickel used Cor 
resistance coils. Pure manganese becomes appreciably magnetic only on 
heating ; at room temperature it is paramagnetic. Some alloys ( Hcusler 
alloys) of copper, aluminium and manga nose are ferromagnetic. 

Manganese forms series of compounds in which it has the valencies 
1, 2, 3, 4, 6, and 7 : 

1. Univalent manganese is present, in white Na r JMn T (< 'N ) 0 1, deposited 
when the deep-yellow solution of alkaline NajIMnfCN},, reduced with 
aluminium is filtered into sodium cyanide solution saturated with sodium 
acetate. 

2. Compounds of 2-ralent manganese arc the basic monoxide MnO and tlx* 
common manganous salts , e.g. MnCl a and MnSO,. 

3. Compounds of 3 -valent manganese are the weakly acidic sesyniox'vh 

Mn 2 0 3 , forming manganites and the manganic compounds, eg. 

MnCl s and Mn 2 (K0 4 ) 3 . 

4. Compounds of 4 -valent manganese are the dioxide Mn() a , acidic and 
forming per manga) riles Mo^Mn^OJ, and compounds such as Mn(S0 4 ) 2 . 

6. Compounds of iS-valent manganese are the natnganates MdMiAhb, 
isotnorphous with sulphates. 

7. Compounds of l-valent manganese arc tho heptoxitlc Mn 2 (.) 7 , acidic and 
forming permanganates M*Mn VJ, 0 4 , isotnorphous with perchlorates. 

The electronic structure of the manganese atom is 2|2‘2-4|2-2*4-5|2. 
total 25, the third quantum group containing 13 electrons. The loss of the 
two 4-quantum electrons gives the Mn +f ion. 'Hie other ions of differed 
valency, including unions (irmnganate and permanganate ions) are formed 
by the 3-quantum electrons functioning as valency electrons : 


Mn+ 

2|2*2*4|2 , 2 < 4*5| 1 

total 24 

valency 1 

Mn+ 4 

2|2*2-4|2*2-4-5| 

„ 23 

„ 2 

Mn+++ 

2|2-2*4|2'2-4-4| 

„ 22 

3 

Mn() 4 ““ 

2|2-2-4|2*2-4-l|6 (2) 

27 

„ 6 

MnOr 

2|2‘2*4|2*2*4|7 (1) 

„ 26 

♦, 7 



901 


xlv] MANGANOUS SALTS 

r l be numbers in brackets ( ) denote the electrons gained from hydrogen or 
metal atoms, wliiel i became cations. Some of the oxygens wore assumed to 
be attached by coordinate links : 


— 0 

,0 

Mn 

O 

A) 

Mn 

—O' 

4) 

O l 

J 0 


but the Mn to O distance in the tetrahedral MnO/ ion of KMnO* corres- 
ponds with considerable double bond character, as it is similar to the dis- 
tance in S0 4 " and CIO/. 


Mamjanots Halts 

The soluble manganous salts MnX 2 are white or pale-pink and give 
pink solutions containing the wa ngancrus ion, probably hydrated, 
[Mii(H 2 0) 4 ]*\ also present m the crystal hydrates, which (unlike 
chromous and ferrous ions) shows ] >raetieally no tendency to oxidise to 
higher valency. The hydroxide Mn(()H) 2 is easily oxidised by atmos- 
pheric oxygen to manganic hydroxide : 4Mn(()H) 2 + G 0 — 4MnO(OH) + 
2H a (). 

Manganous salts are formed by dissolving the metal or manganous 
carbonate in acids, but arc usually prepared from manganese dioxide. 

Manganous chloride is contained in the residues after the preparation 
of chlorine (p. 201) : 

MnO., + IHC1 - MnCl 2 f Ci 2 * 2H 2 0. 

Since pyrolusito always contains iron the solution is yellow and contains 
ferric chloride FeCl 3 ; tins prevents the crystallisation of the manganous 
chloride. In order to separate the iron, one-tenth of the filtered solution 
is evaporated to drive oh excess of acid and is precipitated with sodium 
carbonate. Ferric hydro vide und manganous carbonate are thrown down. 
The precipitate is washed and added to the remainder of the solution. On 
boiling, the whole of the iron is precipitated as ferric hydroxide, manganese 
going into solution as chloride, and the filtered solution on evaporation 
deposits pink crystals of Mn( '1 2 ,411 2 0 : 

2FeCl 8 u3MnC0 3 1 3H a 0^2Ko(OH) a \ 3MnCl ! , + 300*. 

A hydrate Mn01 2 ,GH 2 0 is formed at -2° ; at 60° the ordinary form 
of Mn0J 2 ,4H 2 0 passes into a second mouodinic form. At 58-098° 
MnCl a ,2H 8 0 "is obtained, which at 198° gives rose-red anhydrous 
MnCl 2 . This melts at 050° and volatilises at a higher temperature ; 
the vapour density is normal. M 11 OL, forms a green solution in ether. 
It gives a green flame coloration. It- combines with 1 , 2 and G molecules 
of ammonia. 

Manganous fluoride MnF 2 is a white powder, hydrolysed in solution, 
obtained by heating in CO, at 300° the white precipitate of (NH 4 )MnF, 
thrown down by a largo excess of ammonium fluoride solution from a 

solution of manganous ehlorido. 

2g 
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Manganous bromide Mn Rr 2 amt MnBr 2 ,4H 3 0, and manganous iodide Mnl 3 
and Mnl s , 4R 2 0, are similar to the chloride. 

By heating the carbonate (or any higher oxide of manganese) in 
hydrogen, manganous oxide MnO is obtained as a greyish -green powder. 
If the hydrogen contains a trace of HOI emerald-green crystals of MnO 
are formed. Manganous oxide is also formed on heating the oxalate : 
MnC 2 0 4 « MnO + CO + C0 2 . If sodium or potassium hydroxide is 
added to a manganous salt solution white manganous hydroxide Mn(OH) 2 
is precipitated, which in presence of air or oxygen rapidly oxidises to 
brown manganic hydroxide MnO (OH). 

This reaction is used in determining oxygen dissolved in water ; the preci- 
pitate is dissolved in hydrochloric acid, potassium iodide added, and the 
iodine titrated. One ml. of A T /J<> I*- 0*0008 gin. of 0 2 . 

Manganous hydroxide occurs native as pyrochroltv, isomorphous with 
brucite Mg(OH) 2 . Ammonia precipitates manganous hydroxide onl\ 
slowly and the solution rapidly deposits MnO(OIi) on exposure to air. In 
presence of ammonium chloride only half the manganese is precipitated : 

2Mii(- 1 2 4 2NH 4 OH =Mn(OH) 2 i (NH 4 ) 2 Mn(V 

The usual method of precipitating the metals Fe, Al, ( V by NH,( I I N 1 1 4 0 1 h 
and then precipitating Mn in the iiltrate with (NH,)HS, is not, applicable il 
manganese is present in large amounts. 

Manganous carbonate MnC0 3 is formed as a white or pale butt - 
coloured precipitate on adding sodium bicarbonate to a solution of a 
manganous salt through which carbon dioxide is passed. (The pre- 
cipitate contains manganous hydroxide if sodium carbonate is used } 
It is sparingly soluble in water containing carbon dioxide to form «i 
bicarbonate, and when moist readily oxidises in air to brown manganic 
hydroxide MnO(OH) (cf. FeCO a ). It occurs as the bright-red miner;! I 
rhodocrosite or manganese spar isomorphous with cal cite ; the mineral 
manga no -calc ite (Mn,Ca,Mg)CO ;i is isomorphous with aragonite. Man- 
ganese carbonate is decomposed by heat ; at high temperatures or m 
presence of air a higher oxide of manganese is formed : 

MnCO.j - MnO + C0 2 
3MnO + C0 2 = Mn ;i 0 4 + CO 
4Mn0 + 0 2 -2Mn 2 0 3 . 

Manganous nitrate **Mri (N0 3 ) 2 is obtained by dissolving mangano'o 
carbonate in a slight excess of dilute nitric acid or boiling manganc; ' 
dioxide with dilute nitrio acid containing oxalic acid or sugar, (hi 
evaporation pink deliquescent crystals Mn(N0 3 ) 2 ,6H 2 0, soluble n 
alcohol, are formed. On heating gently these decompose and deport 
manganese dioxide (p. 905) : Mn(N0 3 ) 2 ~Mn0 2 + 2N0 2 , and anhydro > 
manganous nitrate is made by evaporating Mn(N0 3 ) 2 ,6H 2 0 with ee s- 
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contra tod nitric acid to form Mn(N() t ) 2 ,H 2 (), and then warming this 
with concentrated nitric acid containing N„0 5 . 

Manganous phosphate Mn ; ,(P0 4 ) a ,7H 2 0 is formed as a white amorphous 
precipitate on adding excess of sodium phosphate Na 3 HP0 4 to a 
manganous salt solution. 

Manganous ammonium phosphate MnNH 4 P0 4 ,H 2 0 is formed as a reddish- 
white glittering crystalline precipitate by adding ammonium chloride, 
ammonia and sodium phosphate to a manganous salt solution. It can 
he dried and weighed as MnXH 4 PO } in the determination of mangan- 
ese. On heating to redness it forms the pyrophosphate Mn 2 P 2 0 7 . 

Manganous sulphide MnS occurs as the mineral alabandife . It is formed 
as a grey mass by heating the carbonate with sulphur, or the oxide, 
carbonate or sulphate in hydrogen sulphide ; or as a light flesh- 
coloured powder by precipitating a manganous salt with ammonia 
and ammonium sulphide. In contact with excess of ammonium sulphide, 
or on heating in hydrogen sulphide at 320°, it passes into a green 
crystalline form. Manganous sulphide dissolves readily in dilute acids, 
even acetic ; in this way manganese may be separated from zinc, the 
sulphide of which is insoluble in acetic acid. 

Manganous sulphate MnSO, can be prepared from pyrolusite by heating 
with concentrated sulphuric acid : 


ferric sulphate : 
filtered solution 


2MnO., 4 2H 2 S0 4 2MiiS0 4 + 2H 3 0 -+ O. 

The residue is heated to < lull redness to decompose 
Fe 2 (S0 4 ). t ~Fe 2 () ;{ + 3S() t j* dissolved in water and the 
evaporated, when pink 
crystals of the hydrated 
salt MnS0 4 ,5H 2 0 sepa- 
rate. The last traces of 
iron may be removed by 
boiling the solution with 
a little precipitated man- 
ganous carbonate. 

The solubility curve 
(Fig. 385) shows several 
hydrates : MnS0 4 ,7 1 1 2 0 
(isomorphous with 
FeS0 4 ,7H 2 0) below 9°; 
between 9° and 27° 

MnS0 4 ,5H 2 0 (isomor- 
phous with CuS0 4 ,5H 2 0) ; 
above 27° (when the solubility is a maximum) MnS0 4 ,H 2 0. The com- 
mon crystalline salt MnS0 4 ,4H 2 0 separates as a labile form in a 
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Fig. 385.— -Manganous sulphate -water system. 



904 INORGANIC CHEMISTRY \cijat 

restricted temperature interval about 26°, with a transition temperature 
at 14° between the 7 and 4H 2 0 forms. On heating at 280° almost white 
anhydrous MnS0 4 (m. pt. 700°, decoinp. 850°) is formed. Well-crystal- 
lised double salts are K 2 Mn(S0 4 ) 2 ,flR 2 0 and (NH 4 ) 2 Mn(N0 4 ) 2 ,(>H 2 0 
(monoclinic, isomorphous with ferrous ammonium sulphate), and 
MnAl 2 (vS0 4 ) 4 ,22H 2 0, a pseudo-alum, is the mineral apjohnite. 

Manganous borate MnH (1 (BO ;t ) 2 is formed as an almost- white powder by 
precipitating manganous sulphate or chloride solution witli borax and dry- 
ing at 100°. It is used as a drier for linseed oil, paints and varnishes : it 
acts cat-alytically, probably by the intermediate formation of a highoi 
oxide. Manganous compounds give an amethyst-coloured borax bead. 

Manganic Compounds 

Except the oxide Mn 2 0 3 the tervalent manganese compounds are 
much less stable than the bivalent. They arc mostly covalent, and in 
solution either form complex ions (e.g. Mn01 6 ") or tend to hydrolyse to 
a brown precipitate of manganic hydroxide MnO(OH), and are thus 
less stable than the chromic and ferric compounds they otherwise 
resemble. 

Manganic fluoride MnF 3 is obtained as a purple solid by the action of 
fluorine on manganous iodide, and the hydrate MnE at 3H 2 () by dissolving 
Mn 2 0 3 in hydrofluoric acid. Anhydrous MnK rs decomposes on heating into 
manganous fluoride and fluorine : 2 MiiF 3 - 2MnF a -f 1<V 

Manganic chloride or manganese trichloride MnCl., is probably contained 
in the dark -red or brown solution of manganese dioxide in cold con 
centrated hydrochloric acid : 2Mn0 2 + «SHC1 =■ 2Mn01 3 4-4H 2 0 -i CU. 

On warming, chlorine is evolved : 2Mn(-l 3 =-2MnCl 2 -f 01 2 . A solid 
containing Mn01 ;i is formed by passing hydrogen chloride into a sus- 
pension of manganese dioxide in carbon tetrachloride. 

Pure Mil Cl n is obtained by the action of dry hydrogen chloride on 
manganic acetate (see below) ; it is stable below -35° but above this 
temperature it decomposes into manganous chloride and chlorine. A 
complex salt K 2 Mn01 5 is formed by saturating the solution of man- 
ganese dioxide in hydrochloric acid with hydrogen chloride gas and 
adding solid potassium chloride. 

Manganic oxide Mn 2 0 3 occurs as bra unite and hydrated MnO(OH) 
( « Mn 2 0 3 ,H 2 0) as manganite. The oxide is formed as a black powder on 
heating MnO or Mn0 2 to redness in air : 4MnO +0 2 — 2Mn 2 0 3 . Tin’ 
hydrate MnO(OH) is formed as a dark- brown powder by passiiu 
chlorine into a suspension of manganous carbonate in water : 

3MnC0 3 + Cl 2 f H 2 0 = 2MnO(OH) + MnCl 2 + 3C0 2 . 

Excess of manganous carbonate is removed by very dilute nitric aci 
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Manganic oxide dissolves in dilute hydrofluoric or hydrocyanic acid and 
is a true manganic compound with the formula Or -Mn— 0— Mn=0. 
When heated with nitric acid the oxide and hydrated oxide decompose 
into manganous nitrate and manganese dioxide : 

2MnO(OH) + 2HN0 a - Mn(N0 3 ) 2 + Mn0 2 + 2H 2 0. 

Mangano-manganic oxide Mn 3 0 4 (red oxide of manganese) occurs as 
hausmanmte. It is formed as a brownish-red powder on strongly 
heating manganese dioxide out of contact with air or at 940° in air : 
3Mn() 2 = Mn ; ,0 4 4- 0 2 . It is probably manganous manganite MnG,Mn 2 03 
or Mn II (Mn TIl O ii ) 2 . 

When boiled with dilute nitric acid it forms a solution of manganous 
nitrate and a black residue of manganese dioxide : 

Mn,0 4 4- 411 NO, - 2Mn(N0 {t )g +■ Mn0 2 -f 2H*0. 

Manganic acetate Mu^H/Kb is obtained as a black solid by heating 
crystalljne manganous nitrate Mn(NO,)„2H 2 () with acetic anhydride. 

Manganic phosphate Mn I *(),,! 1,0 is formed as a greenish -grey precipitate 
by oxidising a boiling solution of manganous sulphate, acetic acid, and 
phosphoric acid with potassium permanganate. 

Manganic sulphate MiulSO,), is a dark-green powder obtained by 
heating precipitated manganese dioxide with concentrated sulphuric 
acid at 138°, draining on a porous plate, washing with concentrated 
nitric acid and heating at 130° to expel nitric acid : 

4Mn0 2 4 (M 2 S0 4 = 2Mn,(K0 4 ) a 4 GR 2 0 4 0 2 . 

It forms alums, the red caesium alum CsMn(S(> f ) 2 ,12TI 2 0 being most 
stable ; they tend to hydrolyse in solution. Manganic sulphate forms 
a violet solution which deposits MnO(OH) on dilution. 

Qi’adkivaIjKNT M ani ;an ese 

The most familiar compound of Mn lv is manganese dioxide 0~ Mn~0. 
Manganese dioxide occurs native as pgrolusite. It is prepared in the 
pure state by healing about f>00 gm. of manganous nitrate until red 
fumes appear, decanting the clear liipiid from the residue of lower 
oxides and heating it for forty to sixty hours at 150° to 100°, when a 
hard lustrous black mass is formed; Mn(NO,) 2 - Mn0 2 4*2N0 2 . The 
brown precipitates formed when solutions of manganous salts are 
treated with oxidising agents such as potassium permanganate, sodium 
hypochlorite, ammonia and bromine, or ozone, contain less oxygen than 
corresponds with the formula MnO s . Manganese dioxide is a feebly 
acidic oxide and with strong bases forms permanganites (often called 
in a ngan lies, which art* properly compounds ol Mn 2 0 3 ) e.g . CaO,MnC) 2 
and Ca0,2Mn0 a , although some are doubtful. A colloidal solution of 
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manganese dioxide is formed by the action of ammonia on boiling 
potassium permanganate solution. 

Besides its use in decolorising glass (p. 899), manganese dioxide 
is used (mixed with ferric oxide) as a dark- brown glaze on pottery, 
and as a depolariser in the Leclanehe cell, when it is reduced to Mn 2 0 3 . 

Manganese tetrachloride MnCl 4 is not known but a complex salt K a Mn01 6 
is said to be formed by boiling potassium permanganate with glacial 
acetic acid and saturating tho reddish-brown solution with hydrogen 
chloride. 

Manganese disulphate Mn{S0 4 ) 2 is a powerful oxidising agent obtained 
as a brown solution by the electrolytic oxidation of manganous sulphate in 
fairly concentrated sulphuric* acid. It is hydrolysed by water. 

Manganates and Permanganates 

On fusing manganese dioxide} with sodium or potassium hydroxide 
in an iron dish with free access to air, a green mass is formed which con- 
tains a manganate, e.g. K 2 Mn0 4 . The reaction is more complete with 
potassium hydroxide and more rapid if potassium or sodium nitrate or 
chlorate is added : 

4KOH + 2Mn0 2 + 0 2 = 2K 2 Mn0 4 + 2H 2 0 * 

The dark-green mass may be dissolved in a small quantity of cold water 
to form a dark-green solution, from which on evaporation in a vacuum 
dark-green crystals of the manganates K 2 Mn0 4 or Na 2 MnO 4 ,L0H 2 O are 
deposited. These are isomorphous with the corresponding sulphates, 
K 2 S0 4 and Na 2 S0 4 ,l()H 2 0. Sodium manganate is used as a disin- 
fectant, sinCe it, is a powerful oxidising agent. 

Potassium manganate is most easily prepared by boiling 10 gm. of 
potassium permanganate with a solution of 30 gm. of potassium hydroxide 
in 50 ml, of water to about half the volume, adding 25 ml. of water, cooling 
at 0°, and filtering the solid manganate on asbestos : 

4KMn0 4 + 4KOH = 4K 2 Mn0 4 + 2H 2 0 + O,. 

If the dark-green solution of the manganate is poured into a large 
volume of w r ater a purple solution of permanganate and a brown preci- 
pitate of hydrated manganese dioxide are formed : 

3K 2 Mn0 4 + 2H a O - 2KMn0 4 + 4K0H + Mn0 2 . 

In presence of excess of alkali the reaction does not take place and the 
manganate is stable in alkaline solution. The reaction is complete if 
the alkali formed is removed by adding an acid, even carbonic acid by 
passing carbon dioxide into the solution ; 

3K 2 Mn0 4 + 2H 2 0 + 4C0 2 - 2KMn0 4 + MnO s + 4KHC0 3 , 

* It should bo noted that permanganate is not formed at this stago. 
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or the manganate may be converted into permanganate by passing 
chlorine into the solution : 

2K 2 Mn0 4 + Cl 2 - 2KMn0 4 + 2KC1. 

Permanganate is also prepared by electrolytic anodic oxidation of the 
manganate solution : 

2K 2 Mn0 4 + 2H 2 0 =2KMn0 4 + 2K0H + H 2 . 

Tn the laboratory preparation of potassium ] Permanganate a mixture of 
50 gm. of powdered potassium hydroxide and 2.5 gm. of potassium chlorate 
is fused on one iron sand-bath c< >vored wit 1 \ a second one. To the fused mass 
50 gm. of finely-powdered pyrolusito are added gradually, stirring with an 
iron rod. The heating is continued until the mass stiffens : it is cooled and 
extracted with 1 litre of water. The liquid is boiled and carbon dioxide 
passod in until a drop of the liquid placed on filter paper gives a purple 
colour (no green). The liquid is allowed to settle, filtered through asbestos, 
evaporated to 300 ml. and filtered hot through asbestos. On cooling 
potassium permanganate crystallises. A further crop is obtained by 
evaporat ing the mother liquor to 100 ml. 

Potassium permanganate forms deep purple -red brilliant rhombic prisms 
which have a green iridescence. It is rather sparingly soluble in water 
(5*31 in 100 at 15°, 324 at 75°) to a deep-purple solution which is 
opaque unless quite dilute. The crystals on heating evolve oxygen 
and fall to a black powder of potassium manganate and manganese 
dioxide : 2KAIn0 4 -« K,Mn() 4 + MnO, + 0., 

At a red heat the manganate is decomposed into permanganite and 
oxygen : 2K 2 Mn0 4 - 2K 2 Mn0 3 + 0 2 . 

Mixtures of potassium permanganate with sulphur and charcoal 
deflagrate when kindled. The formula KMn0 4 (not l\ 2 Mn 2 0 8 ) is found 
from the basicity of permanganic acid as found by Ostwald’s rule 
(p. 300). For potassium permanganate A 33 -421*7 and A 1024 =1324, 
lienee IS ^ 1. 

Barium permanganate is made by boiling a solution of potassium per- 
manganate, barium nitrate, and barium hydroxide, washing the barium 
mangfinato BaMn0 4 precipitated with hot water, suspending it in water 
and passing in carbon dioxide and superheated steam for some hours ; the 
violet solution of barium permanganate formed is filtered from the barium 
carbonate through ashes t< >s, evaporated and crystallised. Silver permanganate 
AgMn0 4 precipitates from mixed solutions of silver nitrate and potassium 
permanganate and may be crystallised from warm water. 

Manganic acid is not known in the free state since manganates when 
acidified do not give manganic acid but permanganates. Permanganic acid 
HMri0 4 is formed in a deep- purple solution by boiling a solution of 
manganous sulphate or nitrate with lead dioxide and nitric acid, or 
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by oxidising a manganous salt solution with sodium bismuthate and 
nitric acid in the cold : 

2MnS0 4 + 5PbO a + 6HN0 3 - 2HMn0 4 + 2PbS0 4 + 3Pb(N0 8 ) 8 + 2I1 2 0 

2Mn(N0 3 ) 2 + 5NaBiO s + 1 6HN0 3 = 2HMn0 4 + 5NaN0 3 + 5Bi(N0 8 ) 8 

+ 7H 2 0. 

A pure solution is prepared by adding dilute sulphuric acid to a solution 
of barium permanganate : 

Ba(Mn0 4 ) 2 + H 2 S0 4 - BaS0 4 + 2HMn0 4 . 

Permanganic acid solution is a powerful oxidising agent ; it is un- 
stable and decomposes with evolution of oxygen and deposition of 
manganese dioxide : 

4HMn0 4 = 4Mn0 2 + 2H 2 0 + 30 2 . 

When powdered potassium permanganate is added in small quantities 
at a time to cooled concentrated sulphuric acid, a dark -green solution is 
formed which is liable to explode violently in contact with traces of 
organic matter or even spontaneously, and should never be prepared in 
quantity. When ice-cold water is cautiously added, dark-brown drops 
of manganese heptoxide Mn 2 0 7 , the anhydride of permanganic acid, 
separate : 

2KMn0 4 + 2H 2 S0 4 -Mn 2 0 7 + 2KHS0 4 + H 2 0. 

Manganese heptoxide, density 24, forms a violet vapour at 40°-50\ 
but explodes violently on warming or in presence of organic matter. 
With water it forms a violet solution of permanganic acid. 

Reactions of potassium permanganate. — Potassium permanganate is 
a powerful oxidising agent. The action is different in alkaline and acid 
solutions. 

(1) In alkaline solution the permanganate is first reduced to green 
manganate. The solution then deposits brown manganese dioxide and 
becomes colourless ; 

2KMn0 4 + 2K0H = 2K 2 Mn0 4 + H 2 0 + 0 

2K 2 Mn0 4 + 2H 2 0 - 2Mn0 2 + 4KOH + 20. 

Hence two molecules of permanganate in alkaline solution give three 
atoms of available oxygen when reduced to manganese dioxide : 

2KMn0 4 - K 2 0,Mn 2 0 7 = K 2 0 + 2Mn0 2 + 30. 

Alkaline permanganate oxidises iodides to iodates : 

2KMn0 4 + H 2 0 + KT - 2Mn0 2 + 2KOH + KI0 3 . 

A manganous salt is oxidised in neutral solution in presence of zin< 
sulphate and zinc oxide to manganese dioxide (which may form zin< 
permanganite ZnO,2MnO a ) : 

2KMn0 4 4- 3MnS0 4 + 2H 2 0 - 5Mn0 2 + K a S0 4 + 2H 2 S0 4 . 
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Hydrogen sulphide reacts with neutral 1 per cent permanganate : 
2KMn0 4 + 4H 2 S “2MnS 4 S + K 2 S0 4 + 4H 2 0. 

The reaction is really more complicated : 

10KMnO 4 + 22H a S -SKoSOj 4 lOMnS + 2K 2 S 2 0 3 + 221I 2 0 +5S. 

At the beginning of the reaction some dithionate K 2 S 2 O 0 is formed. 

(2) In acid solutions two molecules of permanganate are reduced to a 
manganous salt and fire atoms of oxygen become available : 

2KMn0 4 + 3 H 2 S ( ) 4 K 2 K0 4 4 2Mn>S0 1 + 3IUJ +50 
or 2KMn0 4 - K 2 0,M» 2 0 7 - IU) 4 2MnO +50. 

In acid solutions iodine is liberated from potassium iodide : 

2KMn0 4 + JUKI + SH 2 S0 4 --f»K a S0 4 + 2MnS0 4 + 5I a + 8H.,0. 
Ferrous salts are oxidised to ferrie salts : 

2 KMn0 4 + 1 OFetf 0 4 + 811 2 S< ) 4 - K,S0 , + 2MnS0 4 + 5Fo a (80 4 ) 3 + 8H 2 0. 
Oxalic acid is oxidised to carbon dioxide : 

2KMu 0 4 4 5C 2 H 2 0 4 + 3H 2 S( ) 4 - K 2 S0 4 + 2MnS0 4 + 1000 2 + 8H 2 0. 

(This reaction is slow at lirst, unless some manganous sulphate is 
added, which acts as a catalyst). 

Nitrites an 4 oxidised to nitrates : 

2KMn0 4 + oKNOu + 3H s S0 4 -K a SO f + 2MnS0 4 + 3H 2 0 + 5KN0 a . 

Sulphur dioxide is oxidised to sulphuric acid : 

2 KM 11 O 4 4 5 SO a 4 2 H 2 0 - K 3 S0 4 4-2Mn80 4 + 2H 2 S0 4 . 


Hydrogen peroxide evolves oxygen : 

201 n0 4 4 5H 2 0, + 3H.»S0 4 - K 2 S() 4 + 2MnS0j + SH 2 0 + 50 2 . 

The reactions are accelerated by the. presence of manganous salts, which 
act eatalyticaily. 

In presence of free hydrochloric acid, chlorine may be evolved from 
permanganate solution : 

2IvMnO, a ICilK’l- f’lvn 4 2Mn0l a + 8H..0 t 5C1... 

This may be prevented to some extent by addins a few grams of man- 
ganous sulphate and titrating m the cold. The manganous salt greatly 
increases the velocity of the. primary reaction (r.ff. oxidat ion of ferrous salt), 
but not that of tlie oxidation of hydrochloric ae.ul. 

Cyanogen compounds.— Totassium e.yiuiide gives with solutions of man- 
ganous salts a yellowish-grey pree.pit.ate, sometimes sa.d to be manganous 
cyanide Mn(ON),, soluble in excess of the reagent, to a M ™ 4 ,,. 

potassium manganocyanide analogous to the terroeyan.de wlnth cry sta hses 

1 11 1; 1 w AltiK AM 411,0 Rv evaporating this solution m air 

us a deop -blue solid K 4 Mn(i )«-**■ 1 a' 

U10 mungancHe is oxidised and the solution contains potassium mangameyamde 
K 3 M.i((’N)„ analogous lo the forricyimule : 

4 Mn((’N),"" I 2H*0 i 0,-.4Mn(t'N),"' i 40H'. 
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This forms largo rod prisms. Tho resemblance between manganese and iron 
is apparent arid the corresponding salts are isomorphous. 

The atomic weight of manganese was determined from the ratios MnCl 2 : 2AgCl 
and MnBr a : 2AgBr. The valency follows from the atomic heat and from 
the isomorphism of manganous and forrous compounds. 

Rhenium 

Rhenium, which was first identified by the X-ray spectrum (Noddaek, 
Taeke and Borg, 1925), occurs in minerals of elements of adjoining groups, 
e.g. in columbite (a tantalum mineral) and in platinum ores, but only in 
very small quantities. It is not found in manganese ores. The chief 
occurrence of rhenium is in some molybdenites (MoS 2 ), which may con- 
tain as much as 2 \ 10~ ft gm. of Ro per gm. Tho commercial rhenium is 
prepared from Mansfeld copper residues, being finally purified by pre- 
cipitation as nitron perrhenato. 

Rhenium forms four oxides, Re 2 0 7 , Re0 3 , Re0 2 and Ro 2 0 3 . The most, 
characteristic is tho stable heptoxide, a pale-yellow crystalline solid formed 
by burning rhenium in oxygen. It begins to sublime at 220°, rn.pt. 301-5 
b.pt. 303°. By subliming Re 2 0 7 over heated rhenium tho purplish-rod 
solid trioxide Re0 3 , decomposing at 300°, is obtained . Tho black non- volatile 1 
dioxide is obtained by reduction of tho higher oxides, or in a black hydrated 
form by reducing an acidified perrhenate solution. Hydrated Re 2 0 3 is 
formed by the action of alkali on the trichloride ; it liberates hydrogen from 
water. 

Metallic rhenium, which resembles tungsten or osmium powder but is 
white like platinum in compact form, is easily obtained by heating potassium 
perrhenato, the oxides or sulphides, in hydrogen : in. pt. 3167% density 
21*2 ; it oxidises only at high temperatures and is substantially unaffected 
by acids, except nitric which converts it into perrhenic acid HRe0 4 . Its 
electrical resistance is about four times that of tungsten. The atomic 
weight is 186*31 , and there are two isotopes, 1 85 and 1 87, with an abundance 
ratio of 1*62 : 1. 

Rhenium hexafluoride, ReF 6 , in. pt. 25*6 , b. pt. 47*6°, is formed from 
the elements ; it is easily reduced by hydrogen to rhenium tetrafluoride RoF,„ 
m. pt. 124-5“. Oxyfluorides are Ro()F 4 , m. fit. 39*7% and ReO s F 2 , m. pt. 1 56 '. 
Rhenium pentachloride ReCl 5 , obtained from tho elements, is a black crystal- 
line substance, volatile on beating in chlorine. It is hydrolysed by water, 
giving bine hydrated Re0 2 , but dissolves in a little water yielding a blue 
solution. On heating in nitrogen it forms rhenium trichloride ReCl 3 , and a 
tribromide RoBr 3 is known. By interaction of ReCJ 5 and Re 2 0 7 , oxychlorides 
are formed : ReOd 4 , a brown crystalline solid, m. pt. 28°, and Ro0 3 Cl, a 
yellow liquid, m. pt. 4*5% b. pt. 131“. 

Rhenium heptoxide is remarkably soluble in water, forming perrheni< 
acid (up to 65 per cent by weight of HRoQ 4 ), which can only be reduced 
with difficulty. The solution is strongly acid, attacking most metals an i 
dissolving the carbonates easily. The perrhenates are very charactorist i 
and stable. The ion is colourless. KRe0 4 (which can be melted without 
decomposition) is much less soluble than NhRo 0 4 (as with tho pernmi 
ganates). On reduction, perrhenato solutions exhibit a sorios of colour 
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changes corresponding with lower valency states, perhaps as low as bivalent, 
but the compounds have not been isolated. 

A green barium rhenate BaReO 4 corresponds witli an unknown rhenic acid 
H 2 Re0 4 ; brown alkali perrhenites Na 2 Re0 8 and K 2 RoO s are formed by 
fusing Re0 2 with alkali hydroxides. 

Rhenium forms sulphides Re 2 S 7 , ReS 2 , and selenides, Re 2 Se 7 and ReSe 2 . 
The quantitative precipitation of Ue 2 S 7 by H 8 S from a hot solution in con- 
centrated hydrochloric acid is a method of determination. Thioperrhenic 
acid exists in solution and TIRcS 4 as a solid. 


Technetium 

The artificial radioactive element technetium. At. No. 43, (ills the place in 
the periodic table between manganese and rhenium in the sub-group (a) 
of Group VII. It is obtained in the form of several isotopes in various 
ways, e.g . by bombarding molybdenum with dcuterons (Perrier and Segr6, 
1937) : 

42*’h ]l' 4,-; 1 C 4- 

The element has most of the properties of rhenium, except that it does 
not volatilise on heat ing in sulphuric acid solution in a current of hydrogen 
chloride gas. The sulphide Tc 2 S 7 (which has a formula resembling that of 
Re 2 S 7 ) is dark brown. The ion IVO/is pink. The metal is isomorphous 
with rhenium, ruthenium, and osmium. 


Astatine 

Element No. 85 in sub-group (h) of Group VII is an artificial radioactive 
element called astatine. It is formed by bombarding bismuth with helium 
ions : 


20 !) 


»i + jjHe = 2 lr,;U 


2(»n. 


It behaves as a halogen, existing as the free element in solution, from which 
it is extracted (like iodine) by benzene. The element in solution is reduced 
by sulphur dioxide and is oxidised by bromine. Astatine is more electro- 
positive than the halogens and is precipitated along with mercury and 
bismuth, by hydrogen sulphide. 
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GROUP VIII METALS : IRON 

Group VIII comprises the inert gases with completed 8-electron outer 
shells, and the three triads of MendelecfTs transitional elements : 

Group VIII a 

Electron 



At. No. 

configuration 

Density 

At. Vol. 

M. Pt. 

B. Pt. 

Iron 

- 26 

2-8*14*2 

7*86 

7*1 

1539° 

2450° 

Cobalt - 

- 27 

2*8*15*2 

8*8 

6*7 

1478° 

2900° 

Nickel 

- 28 

2*8*16*2 

8*8 

6*7 

1452° 

2900" 

Ruthenium 

- 44 

2*8*18-15*1 

12*26 

9*6 

2450’>2700 

Rhodium - 

- 45 

2*8*18 16*1 

12*4 

9*8 

1970°>2500' 

Palladium 

- 46 

2*8*1 8*18*0 

11*9 

8-96 

1553° 

2200 

Osmium - 

- 76 

2*8 18*32 14 2 

22*48 

8-5 

2750°>5300 

Iridium - 

- 77 

2 8*18 32-15*2 

22-42 

8*6 

2440°>4800' 

Platinum 

- 78 

2*8*18*32 17-1 

21*4 

9*1 

1755° 

4300 


The atomic weights in these triads are more nearly alike than in other 
parts of the periodic table. These are really central triads in periods of 
transitional elements in the wider sense (p. 370), there being a gradation 
of properties along each period, as Mendeleeff already pointed out : 


Cr 

Mn 

Fo 

Co 

Ni 

('u 

Zn 

Mo 

To 

Ru 

Rh 

Pd 

Ag 

C(i 

W 

Re 

Os 

lr 

Pt 

Au 

Hg 


The resemblance between Fe, Co, Ni and the platinum metals from Ru 
to Pt is not very close, and is seen mainly in the marked tendency to 
form complex compounds, which nickel shows in a much smaller 
degree : 

K 4 [Fe(CN) 6 ] K 3 [Co(N 0 2 ) 6 J K 2 [PtCl*l Na 2 t0sCl 6 ],2H 2 0. 

There arc some resomblanoos in the vertical groups Fe, Ru, Os ; Co, Rh, 
Ir ; and Ni, Pd, Pt, but on the whole this is much less important than in 
other groups of the periodic system. 

The platinum metals in their generally v ‘ noble ” character, tendency t<> 
complex formation, and high densities, show analogies with gold. The' 
are all paramagnetic, palladium in the highest degree ; Fe, Co and Ni are 
ferromagnetic. All the metals have high m.pts. 

As transitional elements, the metals of Group Villa show a large munb< * 

m 
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of valencies, the valency suddenly dropping to zero with the inert gases of 
Group VITI6. The valencies are : 


Fe 

1, 2, 3 , (5 

Itu 

oo 

t> 

■'t 

CO 

Os 

2, 3, 4 , 6, 7 (?), 8 

Co 

1,2, 3, 4 

1th 

1, 2, 3 . 4, f. 

Ir 

1 , 2, 3 . 4, 5, 6 

Ni 

1,2, 3,4 

Pd 

1 (?), 2, 3, 4 

Pt 

1, 2. 3, 4 . (i 


the predominating valencies being m heavy type. The appearance of the 
maximum valency of 8 (the typical valency of the group) in the case of 
ruthenium and osmium is noteworthy, as is the tervalency of ruthenium 
and rhodium and the hivalency of palladium, m the common compounds. 

Iron, cobalt and nickel oxidise on heating in air and decompose steam 
at- a high temperature, nickel much less readily than iron and cobalt. 
The monoxides M J, 0 are quite strong bases, the sesquioxides M Tri 2 0 3 are 
much less basic and are amphoteric ; the corresponding salts are stable 
only in the case of iron, Fe,() ;? forming ferrites such as Na 2 Fe 2 0 4 . The 
oxides M 3 0 4 are of the type M u O,M J1I 2 0 3 or M 1I (M 11I 0 2 ) 2 , i.e. spinels 
(p. 811). Iron forms ferrates derived from an unknown acidic trioxide 
Fe VI 0 3 which resemble chromates and manganates ; K 2 Fe0 4 , K 2 0r0 4 , 
K 2 Mn0 4 . The metals iron, chromium and manganese are similar in 
physical properties. 

The order of the elements iron, cobalt, and nickel in the first transition 
period is in the reverse of that <>1 the atomic weights m the case of cobalt 
and nickel (p. 309), but agrees with many chemical properties. Cobalt 
roseniblos iron, and nickel copper, which follows it m the long period (p. 912). 
The ease of reduction of the oxides increases in the order Fo, Co, Ni and Cu, 
and hence the action of the heated metals m decomposing steam follows the 
reverse order, nickel and copper reacting only at very high temperatures. 
Nickel tends to form stable compounds in whieh it is bivalent, and so re- 
sembles copper and palladium (vertically below it in the Periodic Table) ; 
wfliilst iron, cobalt, ruthenium and rhodium show a tendency to form com- 
pounds in which they are tor valent (cobalt in the very stable eobaltamminos, 
etc., but not in the sim } »lo salts). The tern leney to form complex compounds 
in which they are tervalont is strong with iron and cobalt, but lacking wdth 
nickel. 

Iron, cobalt, nickel, ruthenium, iridium and osmium form covalent 
carbonyls with carbon monoxide (p. 950). These compounds bear no 
relation to the normal valencies of the metals and are chiefly but not 
always formed by donation of electrons from the carbon monoxide 
molecules : Me C ±r. 0. 


Iron 

History. — Metallic iron was known in pre-dynastic Egypt (before 3400 
B.c.) but was exceedingly scarce and used only as beads for jewellery 
(Flinders Petrie). It may have been obtainod from meteoric iron since it 
contains nickel. Iron of this early period is also known for Mesopotamia, 
some possibly terrestrial. The metal came into general use in Egypt only 
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much later (about 1500 b.c.) The use of iron seems t.o have spread from 
the Hittit.es in Asia Minor. It was much used by the Assyrians about 000 
b.c. In the Mycenaean (pro -Classical Crook) period described by Homer, 
iron was still a rare metal — a lump of iron is the prize given to Achilles 
{Iliad, xxiii, 834) — but the Creeks brought with them the use of iron. The 
Etruscans worked the mines of Elba, later taken over by the Romans who 
also worked the mines of Spain and Norieum. Iron seems to have been 
worked at a fairly early date in India and perhaps in China. 

Occurrence. — Iron does not occur to any great extent in the free state 
on the earth, although meteorites, which sometimes consist of metallic 
iron with from 3 to 30 per cent of nickel and some occluded hydrogen, 
indicate that it must be present in the solar system. 

Meteorites may also consist partly or principally of silicates (e.g. olivine) 
and of glassy minerals (moldavite), although grains of metallic iron are 
usually present even in stony varieties. On account of the presence of 
nickel, meteoric iron does not easily rust in moist air. Cobalt, graphite 
(somotimes small diamonds), ferrous sulphide, scJireibersitc (Fo,Ni,Co) 3 P 
and coheiiite (Fe,Co,Ni) 3 U, not known to exist on the earth, also occur in 
meteorites. Meteoric dust consisting chiefly of iron is constantly falling on 
the earth from space, although its presence is noticed only on the surface of 
the otherwise unsullied snows of the polar regions. 

Largo masses of native iron, which may be meteoric or have been formed 
by the reduction of ores in burning coal-mines, occur in Disko Island, 
West Greenland, and grains of iron in basalt rocks at Giant’s Causeway and 
elsewhere. The inner core of the earth lias been supposed to bo largely 
metallic iron. Iron compounds occur m the soil, in green plants, and in 
haemoglobin (0*33<> per cent Ee) the red colouring matter of blood. 

Iron ores are plentiful but few in number, although iron occurs in 
nearly every mineral. The most important ores are the oxides. Ferroso- 
ferric oxide Fe 3 0 4 occurs as the important ore magnetite (so-called 
because certain varieties, lodestone, are permanently magnetic) : this 
is not found to any extent in the British Isles but occurs in Lapland, 
Sweden, Siberia (Urals), Germany, India (Madras) and North America. 
It contains 72*4 per cent of iron and is the richest ore. Ferric oxide 
Fe 2 0 3 occurs as haematite , sometimes crystalline and red, or if black 
giving a red streak on unglazed porcelain. It also occurs in earthy, 
granular and nodular forms, and is found in England in the Furness 
district in Lancashire and near Whitehaven, in Belgium, Westphalia, 
Sweden, the Island of Elba, south of Lake Superior and near St. Louis 
(Missouri). Hydrated ferric oxide, limonite , occurs in kidney-shaped 
masses in South Wales, the Forest of Dean, France, Germany, Bilbao 
in Spain, and Canada. The hog iron ore # are hydrated ferric oxides, ami 
occur in large quantities in Ireland, Sweden, and North Germany 
The only remaining important ore is ferrous carbonate FeC0 3 , occurring 
alone as siderite , chalybite , or spathic iron ore , in the Alps and in Hungan 
or mixed with clay as clay -ironstone, or with clay and coal as blackband 
ironstone . The hydrated oxide and the impure forms of the carbonat 
are the most important British ores. Pyrites cinders, chiefly ferri 
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oxide, from the manufacture of sulphuric acid arc desulphurised by 
roasting and smelted for iron. The value of an ore of iron depends on 
its freedom from impurities (X, P, As, etc.), which are detrimental to the 
resulting metal. 

The metallurgy of iron. Hie extraction of iron from the ores involves 
a number of processes. 

(1) Preliminary roasting or calcination is carried out by stacking the ore 
with a little coal in heaps or shallow kilns or shaft-furnaces, and regu- 
lating the temperature and supply of air so that most- of the moisture, 
carbon dioxide, sulphur and arsenic are expelled ; ferrous oxide (FeO) is 
also converted into ferric oxide (Fe s 0 3 ) to avoid the production of fer- 
rous silicate in the slag during smelting. The ore is also rendered more 
porous. Powdery ore is agglomerated by sintering or briquetting. 

(2) Smelting or reducing the ore with carbon in the blast -furnace. 

The blast-furnace (introduced in a simple form about 1500) consists 

(Fig. 380) of an outer shell of steel plates, lined with refractory bricks. 
It is 50 to 100 ft. high, the greatest width being up to 24 ft. at the 



“ boshes The mouth is closed with a cup-mid -cone through which 
the charge of ore, limestone and fuel is fed intermittently by lowering 
the cone. (In large modern furnaces a double cup-and-cone is used, 
which prevents the escape of gas on opening the lower cone.) The gas 
passes away through a pipe to a dust-catcher and washer and is utilised 
by burning in the Cowper stoves (see below) for heating the air-blast. 
The furnace below the boshes narrows gradually to a hearth at the base, 
pierced with holes for a number of water- jacketed iron blowing-pipes 
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or tuyeres, through which air is forced from an annular pipe by powerful 
blowing-engines. The hearth is also pierced with a hole stopped with 
clay from which the molten iron is periodically tapped into sand moulds 
on the ground, and a slag-notch at a higher level through which the 
molten slag runs continuously from above the fused metal. About 3 
to 5 tons of air arc passed t hrough the furnace per ton of iron made, the 
power for working the blowing-engines being supplied by coke-oven gas 
obtained in producing the coke for the blast furnace. Coal is used in 
Scotch furnaces but elsewhere hard oven-coke or sometimes charcoal is 
employed. The use of coke w r as introduced in 1709 by Darby at 
Coal brook dale in Shropshire. 

The charge for the blast-furnace consists of 1 ton of coke, 8 to 12 ewt. 
of limestone to form the slag (consisting of calcium and aluminium 
silicates) and so much ore (say 21 tons) as produces 1 ton of iron. The 
process is continuous and goes on day and night without interruption. 
Each furnace may produce 300 tons of iron daily. 

The air for the blast is pre-heated to 700° to 800° by passing through 
Cowper stoves consisting of tall iron cylinders lined with firebricks, packed 
with chequer brickwork with a circular gas flue on one side. Part of 
the gas from the blast-furnace together with sufficient air to burn it 
passes through until the bricks arc red-hot. The products of combus- 
tion escape to a chimney (not shown). The gas is then turned through 
a second stove, and the air blast to the tuyeres is sent through the first- 
one until the brickwork has cooled. The two stoves are thus alternately 
used as absorbers and emitters of heat, or as heat-regenerators. This 
economises fuel and the blast-furnace works at a higher temperature. 

The blast-furnace gas consists of nitrogen and carbon monoxide with 
some carbon dioxide ; the normal volumo composition is N,, ISO, CO 24, 
CO a 12, H 2 and CP 4 4. It is mostly used in boating the stoves, although 
in some works it is partly used to raise steam for the blowing-engines or 
as fuel for gas engines. 

In some cases a dry blast is used, the air being first dried by refrigeration 
or by adsorbing moisture in silica gel. In this way joss of beat by the re- 
action : C + 11 2 0 CO + H* in tho blast-furnace is prevented. 

Chemical reactions in the blast-furnace. — The oxygen of the blast, 
unites with carbon at a very high temperature in the hearth to produce 
largely carbon monoxide, which rises through the furnace : 

2C + 0 2 -2C0. 

The temperature of the charge passing dow r n the furnace increases 
continually from the mouth to the hearth. 

Above the boshes at a dull -red heat the ferric oxide is reduced by 
carbon monoxide to spongy iron : 

Fe 2 0 3 i300^2Fe+3C0 2 . 

The reaction is reversible and the escaping gas contains both CO and 
C0 2 in the ratio 1 : 0*5. In this upper zone the limestone is decomposed 

CaC0 3 v*Ca0+C0 2 , 
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ami some carbon dioxide is reduced to monoxide: C0,+C^2C0. 
The spongy iron absorbs sulphur from the fuel. 

Near the centre of the furnace, at a bright-red heat, finely-divided 
carbon is deposited by the reaction : 2(X)-^CO a + C. This and the 
carbon of the charge complete the reduction : 

Fe a () a + 3C-2Fcs + 300. 

Phosphorus is produced by reduction of phosphates in the ore : 

Ca 3 (P0 4 ) 2 + 3SiO a + 50 - 30aSi0 s + 2P + SCO, 

and the phosphorus is absorbed by the iron. At a higher temperature 
some silicon is formed by the reduction of silica by carbon in presence 
of iron, and alloys with the iron : 

Si() 2 + C( 4 Fe) - 2CO + Ni( + Fe). 

The silica and lime now form a fusible slag which usually contains 
some calcium sulphide. Manganese is also formed by reduction of 
manganese compounds in tin* ore, e.g. Mn 2 0 3 -t 30 — 2Mn +300. 

At a white heat in the lowest part of the furnace the spongy iron 
containing carbon, silicon, manganese*, sulphur and phosphorus fuses to 
molten cast iron which is tapped off from time to time into sand moulds 
to form pig iron, or is sent in the fused state to the steel furnaces. 

Three varieties of commercial iron are: (1) cast iron or pig iron; 
(2) malleable iron or wrought iron , (3) steel. The order in which they are 
prepared from the ore is roughly as follows : 

Wrought iron<-- Crucible steel. 

Ore -+ Pig iron 

'‘‘Bessemer, or Open-hearth, steel. 

Cast iron. — Pig iron contains 2*2 to 4*5 per cent of carbon, with 
silicon, manganese, sulphur and phosphorus. When the cooling is 
rapid, the silicon content small and the manganese high, white pig iron 
is formed in which all the carbon is in the form of iron carbide Fe a C 
(cementite) ; it is brittle and coarsely crystalline, and dissolves nearly 
completely in dilute hydrochloric acid evolving a mixture of hydrogen 
and hydrocarbons. If, however, the molten iron containing at least 
2-5 per cent of silicon is slowly cooled most of the carbon separates in the 
form of fine laminae of graphite, the iron at the same time becoming 
softer and of a finer texture ; on solut ion in hydrochloric acid it evolves 
chiefly hydrogen and leaves a black residue of graphite. This variety 
of cast iron is known as grey pig iron. An intermediate variety is called 
mottled pig iron. The solubility of carbon in pure iron is 4*25 per cent, 
but much more is dissolved if manganese is present. 

Malleable or wrought iron. — This is nearly pure iron containing only 
from 0*12 to 0*25 per cent of carbon, and melts at a higher temperature 
(1400°„1500°) than cast iron. Malleable iron contains less than 0*5 
per cent of total impurit ies (carbon, sulphur, phosphorus and silicon). 

Malleable iron is obtained from cast iron by the puddling process in- 
vented by Henry Cort of Lancaster in 1784. The cast iron is fused in a 
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reverboratory furnace (p. 719) the hearth of which is lined with haematite 
which oxidises the carbon : 3 Ch Fe a 0 3 — 2 Fch 3CO, the carbon monoxide 
bubbling through the molten iron. Sulphur, phosphorus and silicon are 
oxidised and pass into the slag. When the metal becomes pasty it is 
formed into lumps or “ blooms ” which are beaten under steam hammers 
to squeeze out the slag. The iron although not fused welds together to a 
coherent mass at a bright, rod-heat. 

Malleable iron is tough and fibrous ; its property of welding, whereby 
two pieces when heated to redness unite on hammering, is exceedingly 
valuable and is applied in various ways by the blacksmith. Its softness 
is not appreciably altered by heating to redness and quenching in water, 
whereas steel then becomes very hard. Wrought iron has now largely 
been replaced by mild steel. 

Wrought iron containing combined phosphorus is brittle at the ordi- 
nary temperature and is said to be cold-short ; combined sulphur, 
probably FeS, renders the metal brittle at a red heat, when it is known 
as red-short . 

If east iron is cast in a metal mould so as to cause, rapid cooling the 
cementite may be decomposed by heating the easting, embedded in haema- 
tite, for several days. The combined carbon in the surface is oxidised and 
that from the interior diffuses out to replace it. Finally the carbon content 
is reduced to that of steel, and a malleable casting is produced. Sometimes 
the cementite in the interior is caused to decompose with separation of fine 
graphite and the iron becomes soft. The result is a “ black-heart, casting ”, 
white outside with a black core. 

Steel. — This is iron which has been fused in the process of manu- 
facture and contains from 01 5 (very soft steel) to 1*5 per cent or more 
(very hard steel) of carbon, part at least combined with iron or in solid 
solution. It also contains small amounts of other elements but the 
impurities of the cast iron, viz, silicon, phosphorus, sulphur and man- 
ganese, have mostly been removed. 

Analyses of cast iron and the steel made from it illustrate thus: 



Fo 

C 

Si 

V 

Mn 

S 

Cast iron 

- 93-2 

10 

1 -4 

2-5 

1*8 

0*1 

Steel 

- 993 

0-18 

0-004 

0-02 

0-4 

0-C/424 


Steel also differs from iron in acquiring a “ temper ” by heating and 
quenching ; it becomes soft when heated and slowly cooled. 

Steel may be made (1) from pure wrought iron by increasing the 
amount of combined carbon, (2) from cast iron by removing part of tin* 
carbon and taking out the impurities. In modern processes the second 
method is used and the main processes are : 

(1) The Bessemer process (Henry Bessemer, 1855). 

(2) The Siemens-Martin or open-hearth process (1864). 

When wrought iron is made from pure oxide ores by reduction witl 
charcoal it is converted into steel by the cementation process. Bars of 
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wrought iron wurroundotl with charcoal are heated for one or two weeks. 
Absorption of carbon occurs, the carbonisation spreading slowly through 
the mass and converting the iron into steel. The surface of the bars is 
covered with blisters, and the blister steel is fused in plumbago crucibles 
to form cast steel or crucible steel. This process has been superseded by the 
electric furnace for high-quality sioels for tools, etc. 


The Bessemer process. — In this, molten pig iron from the blast- 
furnace is run into a converter (Fig. 387), a large pear-shaped iron vessel 
lined with refractory silica bricks. The 
converter holds 10 tons of metal and is j t y 

supported on trunnions, cold air being 

forced by a pipe to a hollow perforated ****** 

bottom from which it bubbles through 

the molten metal. The charging is car- 1 1 m jl \yj | 

ried out through the open mouth with pi f[) j§)W| fc^sssj 

the converter horizontal, and blowing is 

begun. The converter is then swung * I f I ^ ~ /ron 

into a vertical position and blowing j 

Silicon and manganese are first oxi- 
dised (producing most of tin- heat) and Kj ; , 87 ._ Bossorner converter, 
pass into the slag, and them part ol the 

iron is oxidised. The resulting ferric oxide removes the carbon, forming 
carbon monoxide which is now freely evolved and burns at the mouth 
of the converter as an orange-yellow flame edged with blue and shot 
through by showers of sparks. After six to eight minutes the flame 
sinks, indicating that all the carbon has been removed. The converter 
is again tilted, the blast is stopped, and the requisite amount of spicgel 
added. Spiegeleisen is iron containing manganese and carbon. The 
converter is blown again for a short time to mix the charge, when the 
manganese reduces any ferrous oxide and the carbon unites with the 
iron to form steel. This process of carburising the iron was introduced 

by Mushet in 1856. . , „ 

By tilting the converter, the molten steel is poured from it into ladles 
supported by travelling cranes, from which it is poured into moulds. A 
little aluminium, silicon-iron alloy (silicon-tspiegel), or titanium-iron 
alloy, may be added to prevent blow-holes in the castings due to 
bubbles of gas (nitrogen, carbon monoxide) which will combine or 
react with the aluminium, silicon or titanium. According to the per- 
centage of carbon added, various kinds of steel are produced : tool steel 
(0-9 to 1-5 per cent C), structural steel (0-2 to (M> per cent C) and mild 
steel (0-2 per cent or less C). c , , 

Ores of iron containing phosphates give cold-short iron Such 

' phosphatic ores ” are worked by the Thomas and Gilchrist process 
(1879), in which the silica (“ acidic ”) lining of the converter is replaced 
by a “ basic ” lining of magnesia and lime prepared by calcining dolo- 
mite. Limestone is first charged into the converter along with coke and 
the blast is turned on. Molten pig iron is run m and the blast continued. 
Silicon and manganese burn out first and then the phosphorus (pro- 
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ducing most of the heat) and carbon are oxidised simultaneously. 
When the carbon is burnt out the flame drops but the blast is prolonged 
to burn out the remaining phosphorus. The phosphorus pentoxide 
com bines with the lime from the limestone added (not the converter 
lining) to form a slag. Spiegeleisen is added in the ladle (not in the 
converter). The slag (“ basic slag ”) contains calcium phosphate and 
is used as a fertiliser. 

The steel pigs produced by casting are annealed in underground 
furnaces (“ soaking pits ”) heated by blast-furnace gas, and are then 
passed through the rolling mills for the production of steel bars. 

The open-hearth process. — This was suggested by Reaumur in France 
in 1 722 and by John Payne in 1 728 but was first successfully worked in 
1864 by the brothers Martin in France, who used the regenerative 
heating process of Sir William Siemens. It is carried out on a large flat 
hearth enclosed in a furnace (Fig. 388) heated by producer gas. The air 


Furnace hearth 



Fro. 388. — Open-hearth steel furnace. 


and gas are supplied through separate regenerators of chequer brickwork 
used in pairs and traversed alternately by the hot products of com- 
bustion, and the gas and air, as in the Cowper stoves. The hearth is 
lined with silica in the “ acid " process or with calcined magnesite or 
dolomite in the “ basic ” process. The charge consists of pig iron (part 
of which may be run in liquid from the blast-furnace), steel scrap and 
haematite, with limestone in the basic process. By the action of the 
haematite part of the carbon is burnt out of the cast iron and fluid steel 
remains. The subsequent operations are the same as in the Bessemer 
process. The furnace may be made to tilt and discharge a portion of its 
contents into a ladle. The operation lasts 8 to 10 hours ; it is more 
easily controlled than the Bessemer process and is very largely used in 
Great Britain, although the Bessemer process holds its own elsewhere. 

The open-hearth process uses a large quantity of fuel for heating (th<- 
thermal efficiency is about 20 per cent), and requires steel scrap equal 
to about half the weight of the finished steel. 

A very pure (Arrmo) iron containing less than 01 per cent of tot; ( 
impurity is made by a modification of the open-hearth process. It h 
almost rustless. 
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Electric furnaces are used in the production of special high-quality steels. 
They are mostly on the are principle and consist of refractory crucibles 
containing two (or more) large vortical carbon electrodes between which an 
electric arc is struck. Such furnaces are more especially used for the pro- 
duction of alloy steels, containing nickel, chromium, vanadium and 
molybdenum. 

The properties of steel. — The properties of steel depend largely on the 
content of carbon and the heat-treatment : low-carbon steels are soft 
like wrought iron and are known as mild steel ; with more carbon the 
ductility falls, whilst the tensile strength increases up to the limiting 
percentage of 1 -5 of carbon. Wrought iron and steel are malleable and 
may be welded. The melting point of steel is lower than that of wrought 
iron. 

The properties of steel depend on the heat -treat merit to which the 
metal has been subjected. If steel is heated to redness and quenched in 
cold water it becomes as hard and brittle as glass. If it is now heated to 
various temperatures the resulting metal possesses properties depending 
on the temperature. This operation is known as tempering , and the 
temperature is judged by the colour of the thin film of oxide produced 
on a bright surface of the metal. 

230° : light-straw colour : used for razor blades. 

255° : brownish -yellow ; used for penknives and axes. 

277° : purple : used for cutlery. 

288° : bright-blue : used fur watch-springs and swords. 

290 J -31f)° : dark-blue : used for chisels and large saws. 

Wrought iron is case-hardened by heating in contact with carbon or potas- 
sium ferrocyanido, etc., when a surface-layer of steel is formed. Armour 
plate is made by case-hardening a shoot of soft steel on one side and spraying 
with cold water when red-hot. Nickel-chromium steels form very tough 
armour plate and after heat- treatment are used for projectiles. A very hard 
surface, used for cylinder bores, etc., is formed by nitriding , i.e. heating steel 
containing about 1 per cent of aluminium at 450°-500 o in an atmosphere of 
ammonia. Iron nitrides (Fe 2 N, etc.) are formed in the interstices of the 
iron crystals and prevent gliding of the latter under stress. 

Allotropic forms of iron. — Three allotropic forms of pure iron are 
recognised. 

(i) a-iron (or a -ferrite)* stable below 912°, soft, magnetic, able to dissolve 

only a little carbon, crystallising in a body-centred cubic lattice 
(p. 390) ; the chief constituent of pure wrought iron. 

(ii) y-iron (or y -ferrite ), stable from 912° to 1400°, non-magnetio, dis- 

solving carbon to form a solid solution, crystallising in a face- 
centred cubic lattice. 

(iii) 8-iron (or h -ferrite), stable above 1400°, does not dissolve carbon, 

crystallising in a body -centred cubic lattice and perhaps the same 
as a-iron. 

The phase changes are : 

912 ° 1400 ° 

a-Fe v* y-Fe v- S-Fe, 
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Iron loses its ferro-magnetism at about 760° but this is not duo to an 
allotropies change into a /8-iron as was once thought. When a -iron changes 
into y-iron the length of the lattice cube side increases, but as there are more 
iron atoms in the y-iron cube the net result is actually a contraction. 

The iron-carbon system. — When steel containing carbon and also nickel 
or manganese is heated and quenched it forms a homogeneous non -magnetic 
solid solution of carbon in y-iron called austenite, with a structure of rela- 
tively soft large crystals. Nickel or manganese retards the conversion of 
y- into a -iron which would otherwise occur below 912° and would form a 
heterogeneous mixture of soft a-iron and hard grains of iron carbide or 
cementite, Fo 3 C. 

Cementite forms rhombic crystals, insoluble in dilute acids, so that it can 
be isolated from steel by the action of dilute sulphuric acid and potassium 
dichromate. A carbon steel not stabilised by manganese or nickel forms 
on heating and quenching a very bard stool with a needle-like structure and 
tetragonal lattice, called martensite, which is a primary metastable stage 
in tlio breaking down of austenite into a-iron and cementite. The formation 
of martensite is oo-extensive with hardness in the steel. 

Less rapid cooling of iron containing only a little carbon forms a mixture 
of crystals of a-iron and pearlite, a finely laminated eutectoid structure (soo 
below) of alternate layers of a-iron and cementite, with an average carbon 
content of 0-9 per cent and formed at 095°. 

Hard martensitic steel is formed only on cooling faster than a critical 
hardening speed, which is very high for carbon steels but much smaller for 
alloy steels, which can sometimes be hardened even by air-cooling. If the 
steel is cooled rapidly but below the critical hardening speed it forms 
troostite, another transitional material from the breakdown of austenito 
into pearlite, but formed at a much higher temperature than martensite. 
It is formed on cooling heated carbon steels in oil and is about half as hard 
as martensite, from which it can also be formed. 

Another transitional stage in the less rapid cooling of a stool containing 
manganese is sorbite, which has a very finely laminated pearlite structure 
with great tenacity and ductility ; it is best produced by first hardening 
and then tempering at about 650°. 

The structure of a hardened and fully tempored steel consists of small 
spherical particles of the very hard cementite Fe 3 C uniformly distributed in 
a soft ferrite (iron) matrix ; it is often called true sorbite and has great 
tenacity and ductility. 

According to the carbon content, pearlito or mixtures of pearlite with 
cementite or with a-iron (ferrite) may be formed. When very slowly cooled 
the cementite breaks down into soft a-iron and scales of graphite : 

^MartonsitCx /’’Pearlite + Cementite (C>0-9 per cent) 

Austenite^ J, ^Sorbite— >Pearlite (09 per cent C) 

^ Troostite ' \jPearlite -f a-iron (0<0-9 per cent) 

In Fig. 389, A is the m.pt. 1539° of pure iron (8-iron). This is lowered by 
the presence of dissolved carbon along the liquidus curve AB, a solid solution 
of carbon in 8-iron separating. (The curves corresponding with liquid 
solution phases are called liquidus curves , those corresponding with solid 
solution phasos in equilibrium with the liquids are called solidus curves ). 
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At B a transition, occurs, and along BO austenite, a solid solution of carbon 
in y-iron, separates. The transition point of 8-iron into y-iron is shown on 
the vortical axis at 1400 ’. J)E is the solidus curve for in is torn’ to, and repre- 
sents the lowering of ni.pt. duo to tho solution of carbon in solid iron. G 
is a eutectic point (1125' ) 
at which the mass solidifies 
to a mixture of austenite 
and cementito (Fe ; ,C). The 
curves show that molten 
iron containing less than 
] *8 per cent of carbon may 
solidify entirely to aus- 
tenite, whilst- liquids con- 
taining more than 4*3 per 
coat of carbon deposit, 
cementito. CtJ is the solu- 
bility curve of comentite. 

When tho solid iron cools 
further, tho solubility of 
carbon in y-iron decreases, 
and cementito deposits 0-87 1*80 4-30 p.c.C. 

from ih» solid. Tl.o T .ei- Klu . -The wm-i-arbon system, 

(‘outage of carbon in solu- 
tion in tho austonito decreases along EF, the point F corresponding 
with 0-87 per cent of carbon. At 912 ’ the y-iron changes to a-iron, which 
does not form a solid solution with carbon. The carbon dissolved in y-iron 
depresses the transition point of y-iron into a-iron along OF, F being called 
a euteeioid point whore the remaining austenite is converted into a, mechani- 
cal mixt ure (eutectoid ) of a-iron and cementito, viz. pearl ite, Below 700° 
no further phase-changes occur. 

Alloys with less than 0-87 per cent of carbon are called hypoeutcctoid alloys , 
those with between 0*87 and 1-8 per cent hypereutectoid alloys. The alloy 
at C with 4-3 per cent of carbon is tho eutectic alloy, those with 1*8 to 
4-3 per cent are hyp<jeutectn\ and those with 4-3 to 5 per cent of carbon are 
hypereutcctic , alloys. 

When graphite separates instead of comentite, as sometimes occurs on 
vory slow cooling, the points E and C are raised to hV and C', and C'H' is the 
solubility curve of graphite. It intersects BC at 1137 '. The magnetic 
transformation at about. 700° is not a phase-change. The thermal change 
talcing place in it is the cause of recalcscence , tho sudden reheating of a mass 
of red-hot iron on slow cooling. 

Pure iron. — The soft iron w ire used for binding flowers contains 99*7 
per cent of iron. Annco iron (p. 920) is 99*9 per eent Fc. Very pure 
iron is difficult to make. It may be obtained by reducing pure ferric 
oxide (made by heating recrystallised ferric nitrate) in hydrogen at 
1000°, or by electrolysis of a solution of ferrous sulphate or chloride, or 
ferrous ammonium sulphate, and melting in a vacuum. Pure iron is soft 
and almost white. It is permeated by hydrogen at about 350°, the 
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permeability increasing rapidly up to a red heat, and it burns brilliantly 
in oxygen when heated. 

Carbonyl iron in fine powder is made by injecting iron carbonyl Fe(CO) 6 
vapour into a space heated by radiant heat at 200°-250°. It is quite pure 
except for traces of carbon and oxygen. By fusing in an induction furnace 
with the requisite amount of pure forrie oxide (obtained from iron carbonyl) 
the carbon may be reduced below O' 0007 per cent and the oxygen below 
0*01 per cent. Iron powder may bo prossed with an adhesive into Pupin 
coils, with very low hysteresis loss and used in some electrical apparatus. 

Electrolytic iron is brittle because of its fine crystalline structure 
and can be powdered. It contains occluded hydrogen which can be 
removed by heating in vacuum, when the metal also becomes soft by 
annealing. Hydrogen penetrates heated iron and steel, and removes 
carbon, sulphur and phosphorus, the metal becoming soft. Reduced 
iron is a black or grey powder obtained by heating ferric oxide in hydro- 
gen ; w hen prepared from pure oxide (from the nitrate by reduction 
at a fairly low temperature) it is pyrophoric. 

Iron readily occludes hydrogen, nitrogen and carbon monoxide, the 
solubility increasing with rise in temperature and showing a marked 
alteration about 936°. The excess of gas is liberated on cooling the 
molten metal, and that retained by the solid is removed by heating in 
a vacuum. 

Iron does not easily amalgamate with mercury, but an amalgam is 
obtained by rubbing iron powder with mercuric chloride and w ater, or 
by the action of sodium amalgam on ferrous chloride solution : 1 per 
cent sodium amalgam gives 1-29 per cent iron amalgam. 

The rusting of iron.— Iron exposed to ordinary moist air is quickly 
corroded to a reddish-brown rust, consisting chiefly of hydrated ferric 
oxide. The conditions under wilich rusting takes place have been 
investigated by several experimenters, with divergent results. The 
homogeneity or otherwise of the metal and its purity affect the results. 
The presence of water is essential and according to some experimenters 
carbon dioxide or acidity is also necessary. Freshly-formed rust 
usually contains ferrous hydroxide and carbonate, indicating that 
these compounds may he formed as a first step in the corrosion. 

Grace Calvert (187(5) and Crum Brown (1888) suggested the following 
reactions : 

Fe + H 2 0 4- C0 2 - FoC0 8 + H 2 
4Fe00 3 f 6H 2 0 f 0 2 -4Fe(0H) 3 +4CO a . 

According to 6. T. Moody (1900), pure iron does not rust in the 
presence of water and air if carbon dioxide is rigorously excluded. The 
iron first passes into solution, w hen carbon dioxide is present, as ferrous 
bicarbonate Fe(HC0 3 ) 2 , which is then oxidised by dissolved oxygen 
with precipitation of ferric hydroxide. The addition of alkalis to 
the water removes the carbonic acid and retards the rusting <4 
iron. 

Lambert (1910) found that pure iron remains bright in distilled watt 1 * 
exposed to pure air but rusts if previously mechanically strained. 
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Take four lots (a), (6), (r), (d), of clean bright nails. 

(a) Boil tap-wator in a tost-tube until it bogins to “ bump,” showing that 
dissolved air has boon ox polk* 1. Drop the nails (a) into the water and boil 
again for half a minute. Pour molted vaseline over tbo surface of the water. 
This excludes air, so that iron and water alone are present. 

(b) Place nails (b) in a test-tube full of ordinary water. In this case iron, 
much water, and air are present. 

(e) Place nails (c) in a test-tube with a few drops of water. In this case 
iron, a little water, and air are present. 

(d) Place nails (d) in a desiccator over sulphuric acid. In this case iron 
and air alone are present. 

Leave the four specimens for a few days, and examine the iron. Rusting 
should have occurred only in eases (b) and (c). 

Pour 100 ml. of 15 per cent potassium hydroxide solution into a 500 ml. 
11 ask fitted with a partly bored cork and shako. Allow tlio flask to stand 
for two days. Boil a large bright nail with distilled water as described 
above (a), and push it through the cork into the flask, leaving a short length 
< mt side. A flow t< » stand for a few < lays. The pa rt < >f the nail inside the flask 
which is exposed to air and water in the absence of carbon dioxide does not 
rust, whilst the part outside, exposed to moisture and ordinary air will rust. 
It has been found that even if liquid water is condensed on tbe iron inside 
the flask it does not rust. 

It will be noticed in Expt. (6) that tbe undersides of the nails remain 
bright, and rust, is deposited on the top exposed to air. This indicates that 
tbo iron passes into solution, and the solution is then oxidised by tbo air. 
Pack a number of bright* nails tightly in a jar, cover them with a piece of 
hardened filter-paper, and pour boiled distilled water into the jar. Rust is 
deposited above tbe filter-paper. 

Dunstan, .Jewett and Golding (1905) found that iron rusts in moist 
oxygen in the absence of carbon dioxide. They assumed the reactions : 

Fo + O a f H ,0 - FoO + H 2 0 2 
Fo i H a bj - FeO -f H 2 () 

2FeO + H.O, - 2FoO(OH ). 

They were unable t.o detect any H a 0 3 during rusting, but a trace is said 
to be formed by the action of iron amalgam on alkaline solutions (Sclidn- 
bcin ; Wieland and Franke, 1929). Vernon (1935) also found that carbon 
dioxide is not necessary for rusting and even retards it. 

According to another theory of rusting (Thcnard, J819), the different 
parts of a piece of iron act as poles of voltaic cells and solution of metal 
occurs as the result of local action. Iron in presence of water is 
supposed to react primarily as : 

Fo +2H' + 20H' = Fe" + 20H' 4 H 2> 

*md as the process is electrolytic the ferrous and hydroxide ions appear 
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at two different points ; by diffusion they react with precipitation of 
ferrous hydroxide, which is then oxidised by dissolved oxygen : 

4Fe(OH) 2 + 0 2 + 2H 2 0 = 4 Fc(OH) 3 . 

The action of carbonic acid is supposed to be to furnish H* ions. 

Prepare a 1 1 per cent solution of agar-agar in hot water, and add a little 
sodium chloride and phenol phthaloin. Pour some of the solution, over a 
clean plate of iron in a glass dish. The agar sets to a jolly. After some hours 
red patches appear, indicating the formation of sodium hydroxide by electro- 
lysis. Tf potassium forrieyanido and phenol phthaloin arc added to the agar 
and the hot solution is poured over clean iron nails, the anodes become blue 
from reaction of forrieyanido with ferrous ions, and the cathodes red from 
the alkali formed. 

Iron is protected from rusting by painting, or whitewashing with lime. 
Pipes are protected by heating and dipping into a solution of coal-tar pitch 
in coal-tar naphtha, when an impervious coating is formed ( Angus Smith'# 
compound). In the Barff process the iron is heated to redness and steam 
blown over it, when an adherent layer of ferrosoforric oxide is formed. This 
is used in treating cans for fruit, etc., instead of tinning. The layer of oxide 
is removed by heating with water containing magnesium chloride, which 
explains the corrosive action of soa-wator on boilers. 

Passive iron. — Iron becomes passive by immersion in fuming nitric acid, 
and also in chloric acid, chromic acid, or hydrogen peroxide, or by making if 
the anode in electrolysis. The iron is then insoluble in dilute acids and do<N 
not precipitate copper from a solution of copper sulphate (Koir, 1790). 
The passivity is removed by touching with ordinary iron under the surface 
of dilute sulphuric acid. The passivity, as Faraday (1836) suggested, v 
duo to a very thin him of oxide ; this is removed by heating in hydrogen, 
and it is possible to dissolve out the iron, leaving the transparent skin of 
oxide, by iodine solution or by anodic electrolysis in salt solution. 

Salts and ions of iron, — Iron readily dissolves in dilute hydrochloric 
or sulphuric acids, producing ferrous salts, the solutions of which contain 
the bivalent ferrous ion : Fe + 2H* =Fo" + H 2 . In cold dilute nitric acid 
no gas is evolved, but ferrous and ammonium nitrates are formed : 

4Fe + lOHNOj = 4Fc(N0 3 ) £ + NH 4 N0 3 + 3H 2 0. 

In warm dilute nitric acid iron dissolves to form ferric nitrate with 
evolution of nitric oxide : 

Fe + 4HN0 3 = Fe(NO.,) 3 + NO + 2H 2 0. 

Solutions containing the ferrous ion are nearly colourless, but usually 
have a green tinge due to tract's of ferric ion Fe**’. They have an inky 
taste and are easily oxidised by atmospheric oxygen, insoluble Imm-* 
ferric salts being deposited (see below). 

The ferric ion Fe’** is nearly colourless, the yellow, red or brown 
colour of ordinary solutions of ferric- salts being due to undissociah d 
compound, basic compounds, or colloidal ferric hydroxide formed by 
hydrolysis. If these brown solutions arc mixed with concentrate 
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nitric acid they become nearly colourless ; with concentrated hydro- 
chloric acid they become deep yellow, the colour of un dissociated ferric 
chloride. 

Ferrous salts are oxidised to ferric salts : (i) by atmospheric oxygen 
in neutral solutions, when insoluble basic ferric salts are precipitated : 

4Fe” 4 0 2 4 2H 3 0 - 4 Fe ” ' + 40H ' ; 

(ii) by chlorine or bromine : 2Fe” + CJl 2 = 2Fe"' +201' ; the reaction 
with iodine is reversible: 2Fe t 1 2 ^ 2Fe‘” f2F ; ferric chloride 
liberates iodine from potassium iodide and iodine oxidises ferrous 
chloride to ferric chloride ; 

(iii) by boiling with nitric acid or a<jua regia : 

3Fe" + HNO, 4 3H -3Fe * 4- NO 1 2H 2 () 

Fc” \ Cl - Fe -fCl : 

(iv) by permanganate* in acid solution : 

5Fe” 4 MnO/ 4 - sIF - oFo”’ + Mn" c4H 2 () ; 

(v) by dichromate in acid solution : 

0Fe“ -hCr 2 0 7 " * I4H* -01V" 4 2 Cr~* 4 7H 2 0 ; 

(vi) by silver salts (the reaction is reversible) : 

Fc” i Air* Fe*" 4 Ag. 

Ferric salts an* reduced to ferrous salts (i) by nascent hydrogen in 
acid solution, say bv zme and flilut<^ sulphuric acid : 

Fc - H - Fc” dl'; 

(ii) by hydrogen sulphide or sulphides : 

2Fc * { H,S - 2Fe" t 211 4 S 
2Fe -! S" =-2Fe” 4 S ; 

(iii) by sulphur dioxide : 

2Fe* * 4.S(> 2 f 2H a O*2Fe" 1 S0 4 " 44H* ; 

(iv) by iodides : 2Fe ” 4 21' ^2Fe” c l 2 : 

(v) by stannous chloride : 

2Fe‘*‘ 4 S 11 ” — 21V' f S 11 


Fkurous ( 'ompottnuk 

Ferrous chloride is obtained anhydrous in white scales on 

icating iron in a stream oi hydrogen chloride : be t -H( j * , 2 .,4,7<f 

"■ hv heating ferric chloride in hydrogen : 2be(- 1, + H j - -beCl* + -HO. 
\nli vdrous ferrous chloride is also formed hy adding ammonium 
•Uoride to ferrous chloride solution, evaporating m absence oi air and 
I" .ding the residue in-absence of air till the ammonium salt volatilises. 
The hydrate is deposited from solutions of iron m hydrochloric acid in 
finish-green monoelinie crystals Ke(!! 2 ,4H 2 0, which oxidise slightly and 
f' come green in the air. 
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Anhydrous ferrous chloride is soluble in alcohol and ether. It. 
volatilises at about 1000° and the vapour density indicates that mole- 
cules of Fe 2 Cl 4 and FcCl 2 are present, the density becoming normal 
between 1300° and 1500° : Fe 2 Cl 4 ^2Fe01 2 . On heating in air oxidation 
occurs ; ferric chloride volatilises and ferric oxide remains : 

] 2FoC 1 2 + 30 2 ~ 2Fe 2 0 3 + 8FeCl 3 ; 
and when heated in steam, hydrogen is evolved : 

3FeOJ a + 4 H 2 0 - Fe 3 0 4 + 6HC1 + H 2 . 

Double salts are RbFe01 3 ,2H 2 0 and Cs 2 FcCl 4 ,2H 2 0. 

Ferrous bromide FeBr 2 and ferrous iodide Fe 1 2 are prepared from thr 
elements, and form the crystalline hydrates FeBr t ,6H 3 0 and FeT 2 ,4 and 
6H 2 0. They are also forinod by adding the halogen to iron filings (m 
excess) and water. Ferrous fluoride FoF* is formed as a white powder on 
heating iron powder or anhydrous ferrous chloride in a stream of hydrogen 
fluoride. It forms green FeF 2 41f 2 0. 

Ferrous oxide FeO is formed as a pyrophoric black powder by re- 
ducing ferric oxide with hydrogen at 300° or in a mixture of equal 
volumes of carbon monoxide and carbon dioxide at 800° ; by heating 
ferrous oxalate at 150° 109° in absence of air : FcC 2 0 4 - FeO 4 CO -t- 
00 2 (this contains some iron and is pyrophoric) : or by adding ferrous 
oxalate (obtained by precipitating ferrous suljiliate witli ammonium 
oxalate) to boiling potassium hydroxide solution : Fe(\>0 4 + 2KOH -- 
FeO + K 2 0 2 0 4 4- H 2 0. 

Ferrous oxide always contains iron or Fc 3 0 4 : it is prepared nearly 
pure by heating at 700° small quantities (0*1 gm.) of ferric oxide in a 
mixture of steam and hydrogen in the ratio 1 : 0*58. 

Ferrous oxide melts at 1355°. It is not strongly magnetic. It is re- 
duced to metallic iron by hydrogen at 700 c -800°. 

Ferrous hydroxide Fc(OH) 2 is formed as a white precipitate when 
sodium hydroxide is added to a pure solution of a. ferrous salt, whit 
absolute exclusion of air. (To obtain the original solution free from 
ferric salts, it is warmed with a little iron and dilute sulphuric acid in 
a flask fitted with a tube dipping under water). It is insoluble hi 
excess of alkali unless the latter is very concentrated, but dissolve's 
slightly in ammonium salts, and is readily soluble in acids, forming 
ferrous salts. It crystallises from concentrated sodium hydroxide 1 
solution in flat green prisms, and is a definite compound. The precipi- 
tate rapidly becomes green in the air from formation of Fe 3 0 4 , and finally 
brown, forming Fe(OH) 3 . It reduces nitrates and nitrites to amnion ui. 
The solution in very concentrated alkali hydroxide may contain a 
ferrosite : Fc(OH ) 2 4 2NaOH - Na 2 Fe0 2 + 2H 2 0. 

Ferrous carbonate occurs as siderite or spathic iron ore in rhombohedra 
isomorphous with calcite. It is formed on addition of an alkali cm 
Jxmate to a ferrous salt solution as a white precipitate, rapidly In- 
coming green and finally brown on exposure to air, owing to oxidati n 
to ferric hydroxide. The addition of sugar retards the oxidation. 
Ferrous carbonate dissolves only sparingly in water (10 5 gm. mol. j >r 
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litre) but is soluble in ammonium carbonate solution, and in water 
containing carbonic acid ‘forming ferrous bicarbonate Fe(HC0 3 ) 2 , which 
is sometimes present in springs. On exposure to air, red ferric hydroxide 
is precipitated : 2Fe(HC0 3 ) 2 f 0 - Fe 2 0 3 -f4C0 2 f2H 2 0. Plants ab- 
sorb iron from the soil as the bicarbonate. 


Potassium ferrous carbonate K deposits in nearly white 
scales from a mixture of potassium carbonate solution and one-fifth the 
volume of saturated ferrous chloride solution. Impure calcium ferrous 
carbonate CaFe(C0 3 ) 2 is found as anhrntv m coal measures. 

Ferrous nitrate Fe(N0 ;i ).»,bH 2 0 forms light-green crystals, best pre- 
pared by grinding ferrous sulphate and lead nitrate with dilute alcohol, 
filtering and evaporating : 

FeN0 4 + Pb(NOj) a =Fc(N0 3 ) 2 i- PbS0 4 . 


Ferrous phosphate Fej(P0 4 )..,SH .(> occurs as riunmite and is formed as a 
white precipitate (turning blue in air from oxidation) by precipitating 
ferrous sulphate solution with sodium phosphate and allowing to stand at 
00 -80° : 

3FoSC) 4 i 3Na >HPO a F«,(P() 4 )i h 3Na a S0 4 + H 3 P0 4 . 


Ferrous sulphate FcSOj is tin* most important ferrous salt and is 
obtained by dissolving iron or ferrous sulphide in dilute sulphuric acid, 
filtering, evaporating, and crystallising, when green crystals of PeSO^u 
7H*0 separate. It is made on the large scale by the slow oxidation of 
mareasite or “ coal-brasses,’ FeS 2 , by air in presence of water (pyrites 
is stable in air unless it is first roasted). The common form is green 
ritriol FeS0 4 ,7Ji 2 0. crystallising in monoelinie crystals isornorphous 
with one form of Epsom salt MgS0 4 ,7H 2 0. The pure salt is pale 
greenish-blue and is made by pressing the powdered crystals between 
filter paper.’ If a crystal ol white ritriol ZnS0 4 , /H 2 0 is placed in the 
saturated solution rhombic crystals of JbeN0 4 ,/H 2 0, isornorphous with 
the zinc salt deposit, whilst blue vitriol ( 1 uS0 4 ,5 H 2 0 induces the crys- 
tallisation of triclinic isornorphous crystals of FeS0 4 ,5H 2 0. Iy pre- 
cipitating a solution with alcohol, or by heating green vitriol in a 
vacuum at 140°, the white monohydrate FcS0 4 ,H 2 0, is formed ; this 
is stable in air and on beating at 300° in a current of dry hydrogen 
leaves white amorphous anhydrous heK0 4 . Ors heating -o u? ness i 
decomposes: 2FeS0 4 - Fo 2 0 3 + SO a + S0 a . Crystalline hydrates with 

fi, 5, 4, 3 and 2H„0 arc also known. . . . - « 

Ferrous sulphate readily forms double-salts with sulphates of a kali- 
metals, Mh 2 Fe(S0 4 ) 2 ,&H 2 0, belonging to a S™ 1 !' ol n 
picromerites or schonites , in which M may be , , ^ 1 Jj 

ferrous iron may be replaced by bivalent Cu, Mg, Zn, Cc , ri, > 

Ni, and sulphur mav be replaced by Re, Te, and Or If eqmmolecuiar 
amounts of Ferrous sulphate and ammonium sulphate are to 

saturation in separate amounts oi warm dist illed water a • httle 
acid being added to the ferrous sulphate solution, and the 
tions mixed, ferrous ammonium sulphate (Mohrs salt)) 

(>H 2 0, deposits on cooling in light bluish-green monoelinie crystals, which 
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also deposit in the form of a practically white powder on adding alcohol 
to the solution (cf. FeS0 4 ,7H 2 0). The crystals are stable in air and the 
solution is much less readily oxidised by atmospheric oxygen than 
ferrous sulphate or chloride. Mohr’s salt is used in volumetric analysis 
for standardising solutions of potassium permanganate or diohromate . 
it contains almost exactly one-seventh its weight of ferrous iron. A 
little dilute sulphuric acid should be added in making the solution. 

Iron dissolves in sulphurous acid without evolution of gas : the solution 
deposits colourless crystals of ferrous sulphite, leaving a solution of ferrcnr 
thiosulphate : 2Fe { 3H a SO # ~ F©SO s -* FeS. 2 0 3 f 3H a O. (For ferrous sulphide 
see p. 933). 

Ferric Compounds 

Ferric oxide. — There arc two crystalline forms of ferric oxide (Robbins 
1800) : rhombohedral a-Fe 2 0 ;j ( haematite ), paramagnetic ; and regulut 
y-F 2 0 3 , ferromagnetic. y-Fe 2 0 3 passes into a-Fe 2 0 3 at about 400°~7()0 
r riie only definite crystalline ferric oxide hydrate (ferric hydroxide) k 
Fe 2 0 3> H 2 0, or OFc(OH), which also exists in two forms, goethite oi 
a-Fo a 0 3> H 2 0 (paramagnetic), and le pidocrocite or y-Fe a O a ,H a O (form- 
magnetic). The y-hvdroxide loses water at 200° to form the y-oxidc 
which at 700° ])asses into the a-oxide : the a-hydroxide at 700° lose-, 
water to form the a-oxide. 

Goethite- or a-Fe 2 0 3 ,H 2 0 is obtained artificially as a reddish -yellow pr<*. 
cipitate by oxidising ferrous bicarbonate solution with hydrogen 
peroxide, oxidation of ferrous hydroxide or carbonate in presence <>1 
water by atmospheric oxygen, and heating ferric hydroxide gel with 
dilute alkali in an autoclave. Le pidocrocite or y-Fc a O a ,H a O is obtained 
as a bright yellowish -red precipitate by warming a neutral or weakly 
acid ferrous solution with equivalent weights of sodium thiosulphate ami 
sodium iodate, by precipitating ferrous salts with alkaline hypochlorite, 
and by oxidising precipitated ferrous hydroxide under special conditions 
in solution. The mineral limonite , formerly regarded as 2Fe 2 0 3 ,3iU h 
is goethite with adsorbed water. 

A brown ferric hydroxide gel is precipitated from a solution of a 
ferric salt by ammonium chloride and ammonia ; it is slimy in the cold 
but becomes floceulent on boiling. It is soluble in dilute acids but 
practically insoluble in water and alkalis, and is the form in which iron 
is separated in quantitative analysis. On prolonged boiling in contad 
with the solution, the precipitate becomes sparingly soluble in acids 
The gel on drying forms a dark-brown amorphous mass of indefinite 
composition. On ignition this loses water, sometimes with the produc- 
tion of a glow, and a-Fe 2 0 3 is formed, which is nearly insoluble in acid- ; 
it dissolves in concentrated hydrochloric acid only after digestion lor 
several days but more easily in presence of ferrous salts. The b<*4 
solvent is a boiling mixture of 8 parts of sulphuric acid and 3 parts of 
water. If a current of hydrogen chloride is passed over the strong!; ■ 
heated oxide, it becomes crystalline. Ferric oxide melts at 1563°. R d 
varieties of ferric oxide formed by igniting ferrous sulphate in air urn 
used as paints or as a polishing powder (rouge, crocus , colcothar). 
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The stable crystalline form of ferric oxide is steel -grey but gives a rotJ 
powder. All varieties become brown to dark violet at 050“- 1000° ; above 
this temperature they turn bluish-black or black, but when mixed with 
alumina, Fo 2 O a becomes yellow on ignition. 

Colloidal ferric oxide is known in two forms, (i) Graham's sol is obtained 
by dissolving freshly-precipitated ferric hydroxide in a concentrated 
solution of ferric chloride and dialysing, preferably hot. The blood-red 
sol (dialysed iron) is a positive eolloid and is readily precipitated by salts. 

( Concentrated hydrochloric acid slowly converts the solution into 
yellow ferric chloride. If glycerol, sugar, tartaric acid, etc., are added to 
a solution of a ferric salt it is not precipitated by ammonia, but a clear 
brown sol is formed, hence organic matter if present must be destroyed 
by ignition before the group-reagents of qualitative analysis are used, (ii) 
P tan deSaintc-G Hies' s sol is brick-red and is formed by heating a solution 
of ferric acetate for several days, or bv dissolving freshly- precipitated 
ferric hydroxide in acetic acid, diluting and boiling out the acetic acid. 

Ferric oxide has feeble acidic properties. If ferric oxide is strongly 
heated with sodium carbonate, sodium ferrite NaoFe,0 4 or Nab eO, is 
formed : Na 2 C0 3 + Fo 2 (T - Na»Fe 2 0 4 - CO,. On treating the mass with 
hot water, the ferrite is decomposed : Na,Fe,0 4 -I- H 2 0 - 2NaOH f 
Fe,0 3 (the old Lowig process, p. 0SK). Ferrites are sometimes called 
perferrif.es nr ferrates. Crystals of sodium ferrite ar(‘ formed oil boiling 
a solution of sodium ferrate and cooling : 

4Na,Fe(), -i 2H ,0 fNaFeO, +4NaOH + 30,,. 

Ferrosoferric oxide Fe ;i 0 4 , probably ferrous ferrite Fe(Fe0 2 ) 2 , is strongly 
magnetic and is formed by heating iron to redness in air (“smithy 
scales ’) or in steam, or by heating torric oxide above 1000 in vacuum. 
The pure oxide is obtained as a black powder by reducing be 2 0 ;{ at 400 
m a current of hydrogen and steam. It melts at 1*>40 and is cast into 
electrodes, since it resists acids and chlorine when iused. 

A black hydrated ferrosoferric oxide Fe/^aq is formed when iron 
tilings stand in water ex post'd to air or by adding a solution containing 
FeCL, h 2FeCl 3 to boiling ammonia, washing and drying. It is strongly 
magnetic and is soluble in acids. It was formerly regarded as ferroso- 
ferric hydroxide Fe,(OH) s Fe(0H),,2fe(0H),. 

Ferric chloride FeCl :l is the most important ferric salt. It sublimes m 
anhydrous iron-black crystals with a green iridescence on heating iron 
nr ferric oxide (at 900°-]000) in chlorine. The apparatus of big. 4/9 
may be used. The crystals sublime at 280° and the vapour density at 
144° corresponds with Fe 2 Cl ({ . At higher temperatures dissociation 
i o FeCl 8 occurs and is \ tactically complete at 750 \ At higher tempera- 
tures tliere is some decomposition into ferrous chloride and chlorine : 

Fe 2 (\ ^ 2FeCl ;i ^ 2FeCl 2 + Cl*. 

Temperature - 448° 518 (HM» 7o0 

A (H — 1) - - 151 138 121 /» 


1050° 1 300 ( 

713*3 73*4 
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In solutions in alcohol and ether the molecular weight corresponds 
with FeCLj. The anhydrous chloride is soluble in benzene. The 
solutions show the bright-yellow colour of FeCl 3 . Aqueous solutions 
containing excess of hydrochloric acid are also bright yellow. 

Aqueous solutions of ferric chloride are formed by dissolving ferric 
hydroxide in hydrochloric acid, or by saturating a solution of ferrous 
chloride with chlorine. On evaporation and cooling, yellow hydrated 
crystals arc deposited which are readily soluble in water. Ferric 
chloride solution is used as a styptic, i.e. in stopping bleeding : it 
coagulates the blood, forming a clot. The solution is strongly acid, due 
to hydrolysis (p. 92b). On heating the hydrate, hydrochloric acid is 
evolved and a basic salt or finally ferric oxide is left. 

Garnet-red double salts are formed from ferric chloride and other 
chlorides, c.g.FeCl 3 ,2K01Jf 2 0* ; FeOI 3 ,NH 4 Cl ; Fe01 3 ,MgCl 2 ,H 2 0. 
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Fig. 390 is from Roozehnom’s experiments. AB is the freezing point 
curve from pure ice at A to the eutectic of Fe a CI 4 ,J2fl s O and ice at li 

( - 55°). BC is the solu- 
bility curve of the 12 
hydrate, C being the 
melting point of this pure 
hydrate. This is a maxi- 
mum on the curve, which 
is characteristic of a de- 
finite compound. Beyond 
C the solution takes up 
more salt, CD showing 
the lowering of freezing 
point by adding ferrit 
chloride. At D a new 
hydrate Fo 2 C] 0 ,7H 2 O ap- 
pears, its melting point 
32-5° being at E . The 
curve FOU belongs h> 
the hydrate Fe.C] f „5H,() 
melting at G Y , and the 
curve H JK to the liydrat c 
Fe 8 CJ 6 ,4H 2 0 melting at d 
(73-5°). The curve begin- 
ning at K (b(i°) is the solu- 
bility curve of anhydrous 
ferric chloride, which runs up very steeply to a point well off the diagram. 

Ferric fluoride FeF 3 is a white sparingly soluble salt and only slight h 
ionised in solution. It forms double fluorides, e.g. Na s FeF a analogous h» 
cryolite. Ferric bromide FeBr a is formed similarly to the chloride, but thr 
iodide does not exist. 

Ferric nitrate Fe(N0 3 ) 3 is obtained by dissolving iron in fairly conrci- 
tratod nitric acid, or in warm dilute nitric acid ; Fo f 4HN0 3 ~Fe(N0 3 ) s 
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NO 2H a O ; tho dark-brown xolul ion (used as a mordant*) deposits colour- 
loss or pal ( 3 - violet oil bio crystals of Fo(N0 3 ) 3 ,6H.,0, or monoclinic crystals of 
Ke(NC) 3 ) 3 ,9H a O. 

Ferric phosphate, I<oP(),,2l:f 2 0 is formed as a white precipitate, insoluble 
in acetic acid but soluble, in mineral acids (except phosphoric) when sodium 
phosphate is added to a ferric salt* solution, or ferric chloride to excoss of 
phosphoric, acid solution. It is used in tho separation of phosphates in 
qualitative analysis. A basic phosphate occurs as the mineral dufrenite 
Fe t P0 4 (0H) a . 

Ferric sulphate Fe 3 (S0 4 ) 3 , is most easily obtained by evaporating 
ferrous sulphate with concentrated sulphuric acid : 

2FeS0 4 + 2H 2 80 4 - Fe 8 (S0 4 ) s f SO. -t 2H 2 0. 

Anhydrous ferric sulphate is a yellowish- white powder, dissolving only 
very slowly in water but ultimately forming a very concentrated 
solution. This is brown-red owing to hydrolysis, but becomes paler on 
addition of sulphuric acid. The common crystal hydrate is violet 
Fe 2 (S0 4 ) 3 ,9H 2 0. 

Ferric alums are formed with alkali sulphates e.g. NH 4 Fe(S0 4 ) 2 ,12H 2 0, 
violet when pure but often pale-yellow owing to the presence of ferric 
oxide. These are readily soluble in water and are not appreciably 
hydrolysed. The potassium alum, K Fe ( S0 4 ) 3 , 1 2 H .0 , does not crystal- 
lise so easily as the ammonium salt. 

On heating ferric sulphate sulphur trioxide is evolved, the reaction 
being reversible : Fe 2 (S0 4 ) 3 — Fcs 2 0 3 + 3S0 8 . 

Ferric carbonate does not. appear to exist, ferric hydroxide being pre- 
cipitated by an alkali carbonate from a ferric salt solution : 

2FeCl,+ 3Na 8 CO a t 3ILO- 2Fo(OH),+ (iNaCl {- 3UO*. 

Sulphides of iron. — There are three sulphides of iron, ferrous sulphide 
FeS and iron disulphide FeS 2 , both containing ferrous iron, and ferric 
sulphide Fe 2 8 3 . 

Ferrous sulphide Fe8 is formed with evolution of heat as a black mass 
by heating 3 parts of iron filings with Imparts of sulphur (p. 10). It* may 
be prepared by dipping a white-hot bar of wrought iron into molten 
sulphur in a crucible. (Oast iron is not attacked.) A mixture of iron 
filings and sulphur when moistened becomes heated and forms FeS. 
The mineral pyrrhotite or magnetic pyrites is often formulated as Fe 7 S 8 
but apparently it has a composition varying from Fe 7 S 8 to Fe 8 S 9 , and 
artificial ferrous sulphide is of similar variable composition. 

Ferrous sulphide when pure is a yellowish crystalline mass with a 
metallic lustre, m. pt. 1170° ; the commercial substance is black or dark 
grey and contains free iron. It dissolves readily in dilute acids and is 
used in the preparation of hydrogen sulphide. A greenish- black preci- 
pitate of ferrous sulphide is formed when ammonium sulphide is added 
to a solution of a ferrous salt, or hydrogen sulphide passed into ferrous 
2h 
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sulphate solution containing sodium acetate. The precipitate dis- 
solves slightly in excess of yellow ammonium sulphide forming a dark 
greenish-black solution, perhaps containing a thioferrite NH 4 FeS 2 . 

Ferric sulphide Fe 2 S 3 is formed by the action of hydrogen sulphide on 
pure moist ferric hydroxide in absence of oxygen, and as a black pre- 
cipitate by the action of excess of ammonia and ammonium sulphide 
on a solution of a ferric salt ; with excess of ferric salt a mixture of 
FeS and sulphur is formed. 

Thioferrites M J Fe TTI S 2 are formed by the action of alkali sulphides on 
ferric sulphide: K*S *f Fc 2 S 3 = 2KFeS 2 , or alkali polysulphides on ferrous 
sulphide: (NH 4 ) s S 8 + 2FeS ~ 2NH 4 FoS 8 . Potassium thioferrite KFeS 2 is 
formed in insoluble purple noodles on fusing iron filings, potassium car- 
bonate, and sulphur, and extracting the fused mass with water. On boating 
it forms K 2 Fe 2 TT N 3 It evolves hydrogen sulphide and deposits sulphur with 
acids: 2KFeS a + tiHCl 2KCJ \ 2FeCl 3 -{ 3H 2 S 4- S. The sodium salt 

NaFeS 2 ,2H 2 0 is also insoluble. 

Iron disulphide FeS 2 occurs as iron pyrites and marcasite. Pyrites \< 
stable in air, marcasite oxidises in moist air to ferrous sulphate. Pyrites 
crystallises in the regular system, often in plain or striated cubes (ovei 
200 forms have been described ). It has a brassy-yellow colour ( kk fools* 
gold ”), is very hard, striking sparks from steel, and is not magnetic. 
Marcasite occurs in rhombic crystals, usually in the form of radiating 
nodules and is pale-yellow or white like tin. Pyrites often occurs in coal 
and is the source of much of the sulphur dioxide formed on its com- 
bustion. It is found in masses having the form of wood, roots, etc., and 
probably formed by reduction of solutions of ferrous sulphate by organic 
matter. Pyrites on heating in absence' of air Joses some sulphur arid if 
heated in air, all the sulphur is burnt to dioxide (p. 4(53). 

Pyrites is insoluble in dilute acids but readily dissolves in concentrated 
nitric acid (with separation of sulphur) and in aqua regia. Artificial 
FeS 2 is formed by heating ferrous sulphide with sulphur, by passing 
hydrogen sulphide over iron oxides or chlorides heated to redness, or 
by heating a mixture of ferric oxide, ammonium chloride and sulphui. 
FeS 2 contains ferrous iron and is a derivative of H 2 S 2 . 

The crystal lattices of pyrites and marcasite contain 8 2 groups in which iln* 
atoms are linked by covalent bonds. The centres of these and the iron 
atoms occupy the positions of the sodium and chloride ions in the rock-salt 
lattice (p. 389), each iron atom being at ihe centre of an octahedral group 
of six sulphur atoms. In the pyrites lattice the axes of the — ft — S — groi i } ' 
are parallel to the four trigonal symmetry axes (p. 351) passing throne** 
diagonally opposite comers of the cube (the digonal and tetragonal sym- 
metry axes have disappeared). The marcasite lattice is somewhat lc s 
symmetrical than the pyrites lattice. 
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Ferrates 

Ferrates (sometimes called per ferrate. s) are compounds of the unknown 
iron trioxide FeO ;l containing b- valent iron, and correspond with 
chromates and manipulates : 

K 2 Fe vl 0 4 K/I.VIO, K 2 Mn v '0 4 

and K 2 Fe0 4 is isomorphous with K,S0 4 . K 2 0r0 4 , K 2 Mn0 4 and K 2 Mo0 4 . 

A mixture of one part of iron filings and two parts of nitre deflagrates on 
heating, and the cold product dissolves in water to form a purple solution 
(Stahl, 1 703). This contains potassium ferrate K 2 Fe0 4 (Freiny, 1841 ). The 
purple solution is also formed by the electrolysis of potassium hydroxide 
solution with a cast-iron anode, or In passing chlorine into a suspension of 
ferric hydroxide iti potassium hydroxide solution : 

2Fe(OH) a ! 10KOH t 3(V- 2K 8 Fe() 4 f fiKCl-t-RH a O. 

On adding solid potassium hydroxide to thesohil ion, reddish-brown potassi um 
ferrate Iv 2 JbcC) 4 , is depositee!. ( )n boiling, a yellow solution of potassi um ferrite 
(sometimes called ferrate) K 2 Fe..0 4 , is formed, which rapidly deposits ferric 
hydroxide. On addition of harmrn chloride fo the red potassium ferrate 
solid ion, fairly stable barium ferrate RaFe0 4 ,H 2 0 is formed as a red 
preejpital r*. 

A green perferrate K 2 Fe() 5 (derived from Fc0 4 ) is said to be formed on 
fusing ferric oxide with potassium hydroxide and excess of potassium 
nitrate or chlorate. 


Oyanouex Compounds or Ikon 

Potassium ferrocyanide. W hen nitrogenous organic matter such as horn 
or leather-clippings is fused with potassium carbonate and iron filings 
and the mafcs digested with water, the solution on evaporation deposits 
\ allow crystals of pnl.issimn ferrocyanide [yellow j truss late of potash) 
K 4 Fe(CN) 6 ,3H 2 (). A lerrie salt giv<‘s with the solution a deep-blue pro- 
ci pita to of Prussian blue, the tirsf ferroeyanogen compound to bo discovered 
(l)iosbacli, 1704). JVlactjuer (1752) showed that potassium ferrocyanide is 
formed on boiling Prussian blue with potash, and Ferret (1814) that 
hydroferrocyanic acid HjFed’N),., is formed as a while precipitate on adding 
an acid and then ether, !o a solution ot ferrocyanide. The precipitate con- 
tains combined ether. Flerzolius pointed out that the yellow prussiate 
might be regarded as a double cyanide of potassium and ferrous iron, 
4K( , N.Fe(CN) a , but it is now regarded as the potassium salt of hydro ferro- 
evtmic acid, K 4 [Fe(CN)«]. One of the CN groups may be replaced by FO, 
H a O. NO, NO a , SO a , e(c. 

Potassium ferrocyanide is prepared from the spent -oxide of gas works 
(p. 013). The nitrogen of the coal is partly evolved as hydrocyanic acid, 
which collects in the oxide purifiers as Prussian blue. The spent oxide is 
heated with milk of lime, forming calcium ferrocyanide, and on adding 
potassium chloride K a 0aFo(CN)„ is precipitated : this is decomposed by 
adding potassium carbonate. Forroeyanide is formed by adding excess of 
potassium cyanide to a solution of ferrous sulphate, until the brown pre- 
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cipitato redissolves. The crystals are yellow tetragonal pyramids, which 
are unchanged in air but on heating fall to a white powder of anhydrous 
salt. Potassium ferrocyanide, it is said, is not poisonous. The sodium salt 
Na 4 Fe(CN)fl,10FT 2 O is prepared in a similar manner. Silver nitrate gives a 
white precipitate of silver ferrocyanide Ag 4 Fe(ON) c with soluble ferro- 
cyanides. 

Potassium ferricyanide. — When chlorine is passed into a solution of 
potassium ferrocyanide the ferrocyanide ion is oxidised to the ferricyanide 
ion, the two ions containing bi- and ter-valent iron respectively ; 2Fe(CN) 6 "" 
+ C1 2 - 2Fe(CN) 6 "'+ 2C1'. At the same time a molecule of chlorine is 
reduced to two chloride ions. The tw o salts KOI and K 3 Fg(ON) c separate on 
evaporation from tho yellowish -brown solution, but by repeated recrystalli- 
sation potassium ferricyanide K 3 Fe(ON) c is obtained pure in the form of 
anhydrous dark -red monoclinic prisms (red prussiatc of potash , L. Omelin, 
1822). It is an oxidising agent, converting Jitflarge into lead dioxide and 
chromic oxide into potassium chromate in boiling alkaline solution : 

6K 3 Fe(CN) fi + Or A + 1 OKOH = 6K 4 Fe(CN) 6 + 2K 2 Cr0 4 f fiH,0. 

The solution is reduced to ferrocyanide by sodium amalgam or glucose in 
alkaline solution. The alkaline solution is reduced by hydrogen peroxide : 
acid solution of ferrocyanide is oxidised by the same reagent (p. 190). 
Sodium ferricyanide 2Na 3 Fe(CN),„H 2 0 is obtained from sodium ferrocyanide 
and chlorine. 

Hydroferricyanic acid H 3 Fo(CN) B is formed in brown needles by decom- 
posing lead ferricyanide with dilute sulphuric acid, filtering and evaporating. 

Lead ferricyanide I > b 3 [Fe(C < N) 6 ] 2 ,10H 2 () is formed in brown crystals on 
mixing hot solutions of lead nitrate and potassium ferricyanide. 

Silver ferricyanide Ag 3 Fe(CN) 6 is formed as a rod precipitate on adding 
silver nitrate to potassium ferricyanide solution. 

Prussian blue. — When a solution of ferrous sulphate is added to a cold 
neutral solution of potassium ferrocyanide, a white precipitate of potassium 
ferrous ferrocyanide K 2 Fo"(Fe"Cy ft ) is formed*, which rapidly oxidises in mr 
to ^-soluble Prussian blue or potassium ferric ferrocyanide Fe'"K(Fo"(ty 6 ),H A 
insoluble in oxalic acid but soluble in water. But with acid ferrocyanide 
solution the white precipitate formed is less readily oxidised and on ex- 
posure to air forms y-soluble Prussian blue, probably with the same formula 
as tho /3-bJue but more stable to alkalis, acids and ferric chloride. 

When potassium ferrocyanide is boiled with dilute sulphuric acid, hydro- 
cyanic acid is evolved : 2K 4 FeOy 6 + 3H 2 S0 4 -- 3K 2 S0 4 4- K 2 Fe"(Fe"0y ft ) 1 
6HCN. The pale-yellow powder, K a Fe(FeOy fl ), also formed, is much less 
easily oxidised than the other two forms described, but nitric acid or 
hydrogen peroxide converts it into Williamson’s violet, KFe'"(Fe"(/y fl ),H 2 0. 

By heating a solution of liydroferrocyanic acid at 110°— 1 20° in a sealed 
tube a precipitate of the acid corresponding with the white precipitates, 
H 2 Fe"(Fe"Cy 6 ) is formed, which on oxidation gives a violet compound, 
possibly HF"'(Fe"Cy 0 ). 

When a solution of potassium ferrocyanide is precipitated with rathe*' 
less than the equivalent of ferric chloride and the precipitate washed by 

* In this section the cyanogen radical CN is denoted by Cy, and the valency < l‘ 
the iron by dashes. 
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decantation with potassium chloride solution, then with 70 per cent alcohol, 
and dried over P 2 0 6 , it- forms a-soluble Prussian blue or a-ferric potassium 
ferrocyanide, 41<e" / K(Fe"(.y e ),7Jl 2 0. This when dried has a bronze lustre 
and forms a beautiful deep-blue powder, it dissolves in water forming a 
blue colloidal solution, and is soluble in oxalic acid. 

a-soluble Prussian blue may have the formula Fe /// K(Fe /, Oy 6 ) or 
Fe"K(Fe'"Cy <t ). K. A. Hofmann (1904) showed that hydrogen peroxide in 
acid solution (which reduces ferricyanides to ferroeyanides) reduces ferric 
forricyanide solution hut oxidises ferrous ferroeyanides to Prussian blue, 
and the latter must therefore contain the ferric iron in the basic radical. 
The same Prussian blue is termed ty precipitating a forricyanide with a 
ferrous salt, and in this case, isomeric change must have occurred. 

With excess oT ferric chloride*, the precipitate becomes insoluble in water 
and is called insoluble Prussian blue : it has the formula Fo /// 4 (Fe // C 1 y e ) s or 
Fo 7 Cy 18 , but contains wafer which cannot be driven off by boat, and is 
generally formulated as Fc Cy 18 ,9ii 2 (). It. is the main constituent of 
ordinary Prussian blue. 

The precipitate obtained ly adding an excess of ferrous salt to potassium 
forricyanide, known as Turnbull’s blue, was formerly considered to be 
ferrous forricyanide Fo J ,' / (Fe / "Cy c ) s but it is identical with insoluble 
Prussian blue. A ferric salt with potassium forricyanide gives a deep-brown 
solution, probably containing ferric ferrieyanide, but no precipitate. A 
little stannous chloride or granulated zinc and acid, added to tlio solution, 
precipitates Prussian blue. 11 chlorine is passed into a boiling solution 
of potassium ferrocyanide in the dark, a green precipitate (jailed Berlin 
green , probably polymerised ferric ferrieyanide Fe"'(Fe / "Cy e ), is formed. 

(The above account is based on the researches of K. A. Hofmann ; other 
formulae have been proposed). 

The structures of soluble Prussian blue, potassium ferrous ferrocyanide, 
and Berlin green as found by t he X-rays (Keggin and Miles, 1939) are shown 
in Fig. 391.' The lattice of soluble Prussian blue or KFe // '[Fe / '(CN) 6 ] is 
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(a) Fe k(CN) t 

Lattice of Berlin 
green. 
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(b) K Fe Fe (CN) S 

Lattice of soluble Prussian 
blue. 

Fio. 391. 



(c) Ki Fe Fe (CN) ( 


Lattice of potassium ferrous 
ferrocyanide. 


From Well* • Structural hwrganu' <'hnm*trn (Clarendon Press) 


cubic with ferrous and ferric atoms alternately at tho corners and ON 
radicals on the edges, the K atoms being shown at tho centres of alternate 
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small cubes. Potassium ferrous ferrocyanide K 2 Fe"[Fo"(('N) 6 ] has a 
similar structure, but all tho iron atoms are forrous and to balance the 
charges a potassium atom is at the centre of every cube. In Berlin green 
all the iron atoms are ferric and there are no alkali motal atoms in the 
lattice. Ruthenium purple KJV"[Ru"(CN) 6 ] has a similar structure to 
soluble Prussian blue KFe'''[Fe''(CN) 6 ]. 

Sodium nitroprusside. — Potassium ferrocyanide warmed with 50 per cent 
nitric acid gives a brown solution. When a slate-coloured precipitate is 
formed with ferrous sulphate the liquid is cooled, separated from tho crystals 
of potassium nitrate, and neutralised with sodium carbonate. Tho filtered 
solution on evaporation gives rod rhombic crystals of sodium nitroprusside 
(Playfair, 1849), Na 2 [Fo(NO)(0N) ri ],2H 2 O, which may be freed from nitrate 
by repeated crystallisation. A nitroprusside is formed on passing NO into 
acidified ferricyanide solution : 

3H 4 Fe(CN) 6 + HN0 3 - 3H 3 Fe(CN) 6 + NO f 2H a () 

Fe(CN)/" 4 NO - Fe(CN) & (NO)" + ON'. 

A freshly-preparod solution of sodium nitroprusside (if- decomposes on 
standing) gives with alkali sulphides (but not with free hydrogen sulphide) 
an intense purple colour (Gmelin, 1848, with crude nitroprusside solution), 
perhaps due to fFo(0:N*S) (CN ) 5 |"" : 

Fe((\N) a (NO)" -r S"- Fe(CN) 5 (NOS) //// . 

With alkali sulphite a nitroprusside gives a rose-red colour (Boedokor, 1881 ) 
and a pale-yellow salt with the formula Na 5 fFe(( 1 N) 5 SO. l |,9H 2 () is formed. 

Silver nitrate gives with sodium nitroprusside a tlesh -colon red precipitate 
of Ag 2 tFe(CN) 5 (NO)] and by reaction of this with hydrochloric acid the 
unstable free acid H 2 [Fe(NO)(CN) 5 | is formed. 

The nitroprussides were usually considered to contain ferric iron and the 
neutral NO molecule, Fc ,u (( *y fi NO) giving tho valency 3-5 -2. hu( 

Pauling (1931) suggested that, the odd electron of the NO molecule 
. : N : : : 0 : enters the valency shell of the ferric ion in K 3 Fo(‘y«, forming a 
ferrous ion, and the : N : : : O : radical then coordinates by the electron pair 
on the nitrogen. This gives the valency 2 - 5 j 1 --- - 2, since the (NO) has 
now become positively univalent. 

Ferric thiocyanate is formed when potassium or ammonium thiocyanate 
is added to a solution of a ferric salt. It has a deep blood -rei 1 colour, and its 
formation is a delicate test for the ferric ion. The reaction is reversible : 
FeCl 3 4 3KCNS ^ Fe(( -NS) 3 A 3K01. If the solution is shaken with ether, 
this dissolves the ferric thiocyanate. Mercuric chloride discharges tho rod 
colour of the aqueous solution ; the mercury salt, which is only slightly 
ionised, is formed from the ferric* salt. Reducing agents form ferrous thio- 
cyanate, colourless in solution. Tho red colour lias also been supposed to 
be due to a complex ion Fe(GNS),/" or Fe(CNS)’*. 

Roussin’s salts. —If a solution of ferrous sulphate in excess of a thio- 
sulphate* is saturated with nitric oxide, a crystalline iron dinitrosothiosulphate 
is formed, e.y. reddish-brown leaflets of K[F(3(N0) 2 S 2 0 3 ),.H 2 0, or brilliant, 
jet-black crystals of Rb[Fo(NO) z 8 2 0 3 ],H 3 0. If nitric oxide is passod into 
a suspension of precipitated ferrous sulphide in dilute solutions of alkali 
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sulphides, or forrouK sulphate acts on a mixture of alkali, nitrite and 
sulphide, block Rovssin's sails are formed, r.ij. KFe 4 (NO),S a , which form 
dark -brown solutions with water. By the action of boiling alkalis on these, 
red Roimiu's sails such as KFe(NO) s K arc formed. 


The atomic weight of iron has been determined by the reduction of 
ferric oxide (from carefully purified ferric nitrate) in hydrogen ; this is 
one of the very rare cases in which the analysis of an oxide lias been 
used in an accurate atomic weight determination. Another method 
used was the determination of the ratio Fel5r 2 : 2AgBr. The valency 
is found from the atomic heat, and the vapour densities of ferric chloride 
(p. 1)31) and iron carbonyl Ke(Co()) 5 . 
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GROUP VIII METALS : COBALT AND NICKEL 
Cobalt 

Historical .— 1 Tho use of cobalt, as a constituent of some bluo glazes and 
blue glass made in imitation of lapis lazuli is established for ancient 
Egypt (1375 b.c.) and ancient Babylonia (about 1450 b.c.) by analysis of 
actual specimens. Most ancient blue glazes, however, owe their colour to a 
compound of copper, Cu0,Ca0,4Si0 2 . Some specimens of Roman bluo 
glass ( e.g . a piece found at Uriconium) are coloured with cobalt. 

The name cobalt is used by Agricola and other German writers for certain 
minerals which resemblod ores of metals, yet did not yield metal with tho 
usual treatment but gave off an arsenical smell. Tho roasted cobalt , called 
zaffre (impure cobalt arsenate), gives on fusion with sand and potassium 
carbonate a beautiful blue glass called small. Tho blue colour, at. first 
believed to be due to arsenic, was shown by Brandt (1735) to come from a 
new metal and Bergman (1780) investigated its properties. 

Occurrence.— The arsenide of cobalt, nickel and iron (Oo,Ni,Fe)As.> 
(in the pure state CoAh 2 ) is known as speiss cobalt or maltite. Cobalt is 
also found as linnaeite (Co,Ni,Fe) 3 S 4 , cobalt glance or cobaltite (Oo,Fe)AsS, 
and as erythrite or cobalt bloom Co. } (As0 4 ) 2 ,SH 2 0, but is now mostly 
obtained from arsenides and sulphides in the silver ores of Cobalt City, 
Ontario, and from the copper ores of Rhodesia and Katanga. Some is 
extracted from the cobalt glance of Queensland, and from New Cale- 
donia manganese ore containing about 2 per cent of cobalt oxide. 
Cobalt is nearly always associated with nickel. 

Metallurgy. — Metallic cobalt is obtained as a grey powder by strongly 
heating the oxide in hydrogen. 

The details of the metallurgy of cobalt are rather complicated. The ore 
is roasted to free it from some arsenic and sulphur, and fused in a blast- 
furnace with limestone and sand as a flux. The iron passes into the slag 
and impure arsenide and antimonide of nickel and cobalt (spews) settles 
out. This is ground, roasted to drive off most of the arsenic (and antimony, 
if present), and then roasted with salt. If silver is present it is extracted by 
cyanide. The residue is boiled with concentrated sulphuric acid and tho 
“ sulphated speiss ” agitated with water ; the iron, arsenic and antimony 
are precipitated with limestone, copper from the filtrate by sodium car- 
bonate, and the cobalt by sodium hypochlorite, which precipitates cobalt 
peroxide. Finally, nickel is preci pitated from the filtrate as basic carbonate 
by adding sodium carbonate, the last portions being thrown out as peroxide 
by adding a little hypochlorite, 
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The cobalt and nickel oxides are sold as such, or reduced by heating in an 
electric furnace with carbon and limestone. The metal usually contains 
about 1 per cent of carbon and 0*015 per cent of sulphur. The calcined 
cobalt oxide contains less than 1 per cent of nickel and 71-75 per cent, of 
cobalt. The metal may also be prepared bv the electrolysis of a solution 
of the sulphate, CoS0 4 , containing ammonium sulphate and ammonia. 

In the preparation of very pure cobalt compounds, the cobalt is pre- 
cipitated as the cobaltammine [Co(NH ;l ) B CJ]Cl 2 , a last trace of nickel 
being precipitated with dimethylglyoxime. 

Properties. — Cobalt is tenacious, silver- white with a slight bluish 
cast which nickel lias not, is readily polished and shows a high lustre. 
Its density is <S*8 ; it is magnetic up to JJ00°, and melts at 1478°. 
Cobalt does not oxidise in air at atmospheric temperature and is harder 
and brighter than nickel ; it was used for plating, but is now replaced 
by chromium. Cobalt slowly oxidises on heating in air. It absorbs 
59-153 volumes of hydrogen when finely-divided. The metal dissolves 
slowly in dilute sulphuric acid and concentrated hydrochloric acid, but 
readily in nitric acid. It can become passive in cooled fuming nitric 
acid. 

Cobalt steel (35 per cent Co) was used for permanent magnets for 
magnetos, as these can be made much smaller than carbon steel magnets, 
retain their magnetism much more tenaciously and do not tend to 
become demagnetised. A nickel -aluminium steel with more than twice 
t he magnet ie ooeroivitv of cobalt steel is now used. Stellite is an alloy of 
chromium, tungsten and cobalt., very hard and non- corroding, used for 
surgical instruments. Fesiel metal is an alloy of cobalt, iron and 
chromium used for cutlery or electric heating elements. 

Cobaltous compounds. —Co bait in its compounds has valencies of 1, 
2, 3, and (in impure 0o0 2 )4. The commonest compounds are the 
cobaltous compounds of bivalent cobalt. 

Univalent cobalt occurs in u complex ion Co(0N) r present in a brownish- 
greon solution, evolving hydrogen at room temperature, formed by re- 
ducing a solution of K 3 Co(('N) t> with potassium amalgam. 

Cobaltous chloride CoCl 2 sublimes in blue crystals, isomorphous with 
cadmium chloride, when cobalt is heated in chlorine, and is formed as a 
blue mass by beating any of the hvdrat es at 1 40°. The common hydrate 
CoCl 2 ,()H 2 0 is formed ill dark-red deliquescent crystals from a solution 
of cobalt or the oxide or carbonate in hydrochloric acid. The lower 
hydrates with 2 and 1H 2 0 arc violet. The pink solution of cobaltous 
chloride becomes blue on heating above 50° or on adding concentrated 
sulphuric acid, and the solid hydrate gives a bluish-purple solution 
with alcohol. (Cobaltous nitrate solution becomes blue with con- 
centrated hydrochloric acid but not with concentrated sulphuric acid). 

A solution of cobalt chloride is a sympathetic ink . , introduced about 1705 ; 
* ho writing is almost invisible but becomes blue on warming the paper 
before a fire. On standing in moist air the colour disappears. 
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The old theory that the colour changes are due to different degrees of 
hydration has been revived in a modified form, but the usually accepted 
view is that the blue colour in solutions is due to complex anions : 
2 CoC 1 2 Co** + CoCl 4 ". The CoCl 4 " ion was shown to migrate to the 
anode on electrolysis. The salt Cs 3 CoCl 5 contains Cs’, Cl' and CoCl 4 " 
(tetrahedral) ions (Powell and Wells, 1935). 

Cobaltous bromide Colir 2 , obtained by adding bromine to cobalt powder 
in ether and heating the CoBr 2 ,Et 2 0 formed, is dark green ; it forms 
hydrates with 0 (dark -rod), 5 (violot-rod) and 2 (purple) H 2 (). Cobaltous 
iodide CoI a , which is black, obtained by heating cobalt in iodine vapour, 
and the hydrates with 9 (light-red), (i (dark-red), and 2 (green) 11 2 0, are very 
deliquescent. 

Cobaltous fluoride CoF 2 , formed by heating CoCl 2 in a current of HF, and 
the hydrate CoF 2 ,4H 2 0 are red (cf. CoCI 2 ). 

Cobaltous oxide CoO, an olive-green powder and octahedral crystals, 
is formed by heating the hydroxide, by passing steam over red-hot 
cobalt : Co +H 2 0 ^ CoO + H 2 (cf. Fe and Ni), and by strongly heating 
the carbonate or nitrate out of contact with air. It is stable at 1000 \ 
but when heated in air forms cobalto-cobaltic oxide Co 3 0 4 . It dissolves 
in acids to form cobaltous salts, and with magnesium, zinc and alu- 
minium oxides forms pink, green and blue cobaltites respectively. 

A solution of cobalt nitrate is used m blowpipe analysis. The ignited 
residue on charcoal is moistened with one drop of dilute cobalt, nitrate and 
reheated. Zinc gives a green mass (Hinman's green, a solid solution), 
aluminium a bine mass (Thv.nurtVt s blur , Al a ( i o0 4 ) 1 although blue masses are 
also produced with phosphates. Magnesia gives a pink mass, a solid solu- 
tion. The compounds 4(\>0,3A1 2 0 3 , (VijNiiO* and ()o(> 2 0 4 are green 
Cobalt salts give a beautiful blue borax bead. Cobalt chloride gives an 
evanescent red llaine coloration. 

Cobaltous hydroxide Co(OH) 2 precipitated by alkali hydroxide from a 
cobaltous salt solution is first bluish -violet, but forms a pink powder on 
standing iri presence of excess of alkali, more rapidly on boiling. The 
blue and pink varieties are different crystalline forms, the pink having 
a brucite Mg(0H) 2 lattice. The moist hydroxide absorbs oxygen from 
air and forms brown 0o ;j 0 4 . It dissolves in hot concentrated potassium 
hydroxide and separates on cooling as a violet crystalline powder. 

Cobaltous carbonate CoC0 3 is rhombohedral and isoinorphous with 
calcite. The hydrate CoC0 3 ,6H 2 0 is formed on standing as a pink pre- 
cipitate from a cold solution of a cobaltous salt and sodium bicarbonate 
saturated with carbon dioxide ; the precipitates with alkali carbonate 
or bicarbonate contain cobaltous hydroxide. Cobalt carbonate forms 
pink K 2 Co(00< { ) 2 ,4H 2 0 and bright reddish-purple Na 2 (k>(C0 3 ) 2 ,4H 2 0. 

Cobaltous nitrate Co(N0 ;j ) 2 ,CH 2 0 is formed in pink slightly deli 
quescent monoclinic crystals from a solution of the metal, oxide oi 
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carbonate in dilute nitric acid. There are also hydrates with 9 and 
3H 2 0. The slightly pink anhydrous salt is formed (Guntz and Martin, 
1909) by the action of concentrated nitric acid and N 2 0 5 on the hcxa- 
hydrate (which discomposes on heating to form Co 3 0 4 ). 

Cobaltous sulphide CoS is formed as a black precipitate by ammonium 
sulphide, or hydrogen sulphide in presence of sodium acetate. Although 
not precipitated by hydrogen sulphide from acid solutions, it is insoluble 
in dilute acids but soluble in con cent rated hydrochloric acid and aqua 
regia. Precipitated cobalt and nickel sulphides are apparently the 
hydrosulphides Co(SH) 2 and Ni(KH) 2 , which absorb oxygen on ex- 
posure to air ami form sulphates (Middleton and Ward, 1935). 

Cobalt disulphide OoS 2 precipitate* I by yellow ammonium sulphide from 
a cobultoiiR solution, nr formed by heating (\>S and sulphur, contains 
bivalent cobalt- (Do Jong and Williams, 1927). 

Cobaltous sulphate CoX0 4 , obtained anhydrous by heating a hydrate 
at 250°, boiling it with concentrated sulphuric acid, or heating it with 
ammonium sulphate, is a pale-reddish or lavender-coloured powder, 
consisting of small rhombic cry-slals. All the hydrates are pink or red. 
The common hydrate, ( !oSO,,7 ll 2 (), crystallises below 44° from solutions 
of cobalt, the oxide or carbonate in dilute sulphuric acid ; it is mono- 
clinic, isomorphous wit h FeS0 4 .7H 2 0 and NiS0 4 ,7H 2 0, and efflorescent, 
m. pt. 97°. Between 44' and 70 monoclinic CoSO.,,0H 2 O isomorphous 
with ZnS0 4 ,fiH 2 0 crystallises, and above 70 1 CoS() 4 ,H 2 (), the solubility 
of which decrease's with rise in temperature. When poured into con- 
centrated sulphuric acid, a solution precipitates as (\>S0 4 ,4H 2 0. 

Red double sulphates M^f ■o(S0 4 ).>J»H 2 0 (M* - K, Rb, Cs, NH 4 , Tl 1 ) are 
readily formed ; they lx Jong to the schonite group (p. 77(i) and are 
all monoclinic and isomorphous (also with corresponding compounds 
with bivalent Ni, Fe, Zn, (M, Mg, etc.). 

Ammonium thiocyanate gives wit h a cobaltous salt solution (especially in 
presence of acetone) a deep-blue colour duo to (■<>(( ’NS)/ 7 , extracted by ether 
or amyl alcohol ; from the aqueous solution a blue? salt- (NH 4 ) 2 [C 1 o(CNS) 4 J 
urn be crystallised. A mercuric salt- and a thiot\\ anate with a cobaltous 
solution form a deep-blue crystalline precipitate of ('o| HgtCNSR). 

Cobaltic compounds. — There is much confusion about the higher 
oxides of cobalt. The dark-brown or black powder formed on heating 
cobalt nitrate (sometimes described as Uo a 0 3 ) is cobalto-cobaltic oxide 
< 1 o. J 0 4 , octahedral, with a spinel structure, Uo l, (Uo m 0 2 ) 2 , also formed by 
heating CoO or Co 2 0 3 at 900° 700° in air. Unlike Fe 3 0 4 it is non- 
magnetic. The black precipitate from cobalt solutions by hypochlorite, 
alkali and iodine, hydrogen peroxide or ammonium persulphate is 
hydrated cobaltic oxide Co 2 0.„ although some dioxide 0o ,v 0 2 is formed by 
aiding a further quantity of hypochlorite. 
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Definite hydrates of Co 2 0 3 with 1, 2 and *|H 2 0 are claimed from breaks 
in the dehydration curve. Cobaltates, e.g . crystalline BaCo IV 0 3 , derived 
from Co IV 0 2 , are described (percobaUites, e,g. Co 3 0 4 or Co(0o0 2 ) 2 , are de- 
rived from 0o a O 3 ). 

Another cobaltic compound is cobaltic fluoride CoF a , a green solid formed 
by the action of fluorine on OoCI 2 at 150° ; a green hydrate 2CoF 3 ,7H 2 0, 
decomposed by water, is formed by electrolytic oxidation of a solution of 
0oF 2 in 40 per cent hydrofluoric acid (Barbieri, 1905-28 ; Ruff fmri Aschor, 
1929). Blue cobaltic cyanide Co(ON) 3 and red Co(CN) 3 ,2H 2 0 (Ray, 1933-4), 
and cobaltic sulphide Co 2 S s formed from the elements at 350°-400°, are known. 

Cobaltic sulphate Co 2 (S0 4 ) ;j ,18H 2 0 is deposited in silky blue needles 
by electrolytic oxidation of a cooled saturated solution of CoS0 4 ,7 H 2 0 in 
40 per cent sulphuric acid ; it forms blue cobaltic alums MCo(S0 4 ) 2 ,l 2H 2 0 
(M — Na, K, Rb, Os, NH 4 ) which (like the sulphate) are rather unstable, 
evolving ozonised oxygen in solution (Marshall, 1891). All simple 
cobaltic salts are powerful oxidising agents. 

When hydrogen poroxide is added to a suspension of cobaltous hydroxide 
the filtrate is acid and gives a green colour with KH0O 3 . It has boon sup- 
posed to contain cobaltic acM H 2 Co() 3 , or a complex cobaltic compound 
[Co(KC 0 3 ) 2 ] 3 0, or a compound ( oC0 3 ,Co 2 0 3 , or a complex cobaltic car- 
bonate CV>[Co(0O 3 ) s ]. 

Complex cobaltic compounds. — The commonest cobaltic compounds 
are complex, the most important being the cobal tarn mines, the cobalt i- 
nitrites and the cobalticyanides. 

Precipitated cobaltous hydroxide dissolves in excess of ammonia to a 
yellowish -brown solution which deposits eobaltous hydroxide on 
dilution. On exposure to air the solution absorbs oxygen, more rapidly 
on boiling or heating with lead dioxide, and forms a pink solution of a 
cobaltammine. More than 2000 compounds of this type are known. 
The following are typical : 

(i) A solution of ammonium carbonate and ammonia is addod to cobalt 
nitrate solution and air is drawn through tho violet liquid ; oxidation occurs 
and a blood-red solution of the compound tetrammine-carborialo-cobalfK- 
nitrate [Co(NfI 3 ) 4 C0 3 JN0 3 is formed, which givos purple crystals (with 
|H a O) on evaporation. 

(ii) On acidifying a solution of this with hydrochloric acid, heating with 
excess of ammonia, and adding concentrat ed hydrochloric at; id, pentammhn 
chloro -cobaltic dichloride [Co(NH 3 ) B C] |( -1 2 is formed. 

(iii) On heating |Oo(NH 3 ) 5 C1]C1 2 with ammonium chloride and ammonia 
in a pressure bottle, adding hydrochloric acid and cooling, hexammita 
cobaltic trichloride fCo(NH 3 ) n |Cl 3 is formed. 

(iv) From a solution of fCo(NH 3 ) 5 ClJCl 2 in ammonia, cooled in ice, alow 
addition of concentrated hydrochloric acid precipitates aquo-pentamminc - 
cobalt i c t r i chloride ( ( 'o ( N H 3 ) 6 H s O]C 1 3 . 

Cobalticyanides contain the very stable complex anion 0o(0N),.' ' 
containing 3-valent cobalt. Potassium cyanide gives with a cobalt sal? 
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solution a reddish-brown precipitate of cobaltous cyanide Co(CN) 2 ,3H 2 0, 
soluble in excess to a yellow solution of potassium cobaltocyanide 
K 4 Co(CN) ft , containing 2-valent cobalt and analogous to ferrocyanide ; 
this is precipitated as an amethyst-colon red powder by alcohol. On 
adding a little acetic or hydrochloric acid to the cobaltocyanide solution 
and boiliqg in a dish for a few minutes, oxidation occurs and potassium 
cobalticyanide K 3 Co(CN) 6 , containing 3- valent cobalt and analogous to 
ferricyanide, is formed (Gmelin, 1X27), and an equivalent amount 
of hydrogen peroxide is formed by autoxidation : 

20o(GN) c "" + O a + 2H 2 0=2Co(CN) r ; ,/ + 20H' + H 2 0 2 . 

Potassium cobalticyanide forms stable yellow crystals isomorphous with 
the ferricyanide. With silver nitrate it gives a white precipitate of silver 
cobalticyanide Ag ; ,Oo(CN) c and witii copper sulphate a blue precipitate of 
cupric cobalticyanide Cii 3 [Oo(CN )<>].>« from which by precipitation of the 
copper by hydrogen sulphide colourless crystalline hydrocobalticyanic acid 
H 3 Oo(ON)o is formed. Coball icyanides give no reactions of cobalt or 
cyanides and are not decomposed by concentrated nitric acid or hypo- 
chlorite. 11 

Cobaltinitrites contain the complex anion Go(N0 2 ) 6 "' containing 
3-valent cobalt. Potassium nitrite gives with a cobaltous salt solution 
acidified with acetic acid a yellow precipitate of potassium cobaltinitrite 
K 3 Co(N0 2 ) 6 ( Fischer's salt), sparingly soluble in water : 

Co" + 7NO*' -f 2H (•o(N0 3 ) (i /,/ +NO -i H 2 0. 

This is formed only in acid solutions, otherwise the cobaltonitrite 
K 2 Co(N0 2 ) 4 , containing 2-valent cobalt, is produced. The eobalti- 
nitritc is less stable than the cobalticyanide and is decomposed by 
ammonium sulphide. It is used as a yellow pigment ( Indian, or cobalt , 
yellow) and in painting porcelain blue. 

A reagent for potassium is prepared by dissolving 30 gm. of cobalt nitrate 
and 50 gm. of sodium nitrite in 150 ml. of watorand adding 10 ml. of glacial 
acetic acid. The addition of silver nitrate makes it more sensitive, as the 
salts K a AgCo(NO a ) fi and KAg 2 Co(N0 2 )„ are loss soluble than Iv 3 Co(N0 2 ) 6 ; 
1 part of potassium in 10,000 of water may be detected. 

A compound of fcorvulont. cobalt is cobalti-a-nitroso-^-naphthol, formed 
as a brownish-rod precipitate on wanning a solution of a cobaltous salt with 
a solution of a-nitroso-jS-naphthoI m acetic acid. Nickel is not precipitated. 



If the Co 11 is converted into Co TT1 by precipitating eobaltie hydroxide by 
alkali and H a O a and dissolving this in acetic acid, precipitation of 
Co(C 10 H fl O 2 N) 3 ,2H 2 0 is quantitative. 
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Nickel 

History. — A coin of the Ractrian king Eufliydoinos (235 b.o.) contains 
77*58 per cent- of copper and 20 04 per cent, of nickel, and alloys of copper, 
zinc and nickel seem to have boon used in China before this date. The 
German miners obtained a mineral resembling copper ore from which no 
metal could be extracted, and to this tho name Irupfer -nickel {i.e. “ false - 
copper ”) was given by Hiarno (1094). In 1751 Cronstodt obtained impure 
metallic nickel from this ore and the properties of nickel were investigated 
more thoroughly by Bergman in 1774. 

Occurrence. — The chief ores of nickel are the cobalt ore smaltite 
(Ni,Co,Fe)As 2 , chloanthite or white nickel ore NiAs 2 , kupfer -nickel or 
niccolite NiAs, nickel (fiance NiAsS, wilier itc, NiS, ammbergite or nickel 
bloom Ni 3 (As0 4 ) 2 ,8H 2 0, and the important ores gamierite (Ni,Mg)SiO s , 
^H 2 0 found in New Caledonia, and pent land He (Fc,Ni)S containing 
about 22 per cent of nickel found at Sudbury, Ontario. Nickel is 
found in meteoric iron, and is also obtained as a by-product in elec- 
trolytic copper refining. 

Metallurgy. — The Sudbury ores (tho most important) contain 
pentlandite, chaleo pvrite CuFeS 2 and pyrrhot-ite Fe 8 S 9 , which arc partly 
separated by flotation. The pentlandite* with some chalcopyrite is 
roasted, smelted and bessemerised, yielding a matte containing copper, 
nickel and sulphur, with a little iron. This may be worked up to give 
monel metal , containing nickel and copper with sonic iron and manganese* 
and resembling nickel in colour and properties. 

If the matte is melted with coke and salteake (which form sodium 
sulphide) and poled, two strata separate (Orford proven, s). The upper 
layer contains sodium and cuprous sulphides, the lower layer nickel 
sulphide NiS. The lower layer is purified and is roasted to nickel oxide 
NiO, which is reduced by heating strongly with carbon. 

Nickel is extracted from Canadian watte by the Mond carbonyl process, 
worked in South Wales. The roasted matte (stiff containing some 
sulphur) is leached with dilute sulphuric acid to remove copper, which is 
converted into blue vitriol. The residue is reduced at about 300° to 
350° by water gas. Nickel oxide but not ferric oxide is reduced by 
hydrogen at this temperature. The mass is next passed at 60° down a 
tower provided with shelves and carbon monoxide is passed through, 
when volatile nickel carbonyl Ni(CO) 4 is produced. The gas containing 
this is passed through a decomposer heated at 150° -180°. Decomposi- 
tion of the carbonyl occurs and metallic nickel is deposited on nickel 
pellets kept stirred, the carbon monoxide passing back to the volatiliser : 
Ni(CO) 4 Ni +400. The nickel is 99*8 per cent pure : it contains 0*05 
per cent of iron, 0*09 per cent of carbon, and traces of sulphur and silicon. 
Nickel may be cast (m.pt. 1452°) ; a little magnesium may be added 
before casting to increase the fluidity and remove gas bubbles. 

Nickel is refined by electrolytic deposition from a solution of nickel 
ammonium sulphate (NH 4 ) 2 S0 4 ,NiS0 4 ,GH 2 0 at 2<J°-25 0 , a cast nickel 
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block being used as anode and a thin polished sheet of pure nickel as 
cathode. The anode mud contains platinum metals (which are ex- 
tracted). The same process is used in nickel-plating, a thin layer of 
copper being first deposited on iron or steel goods. 

Metallic nickel is silver- white with a grey tinge, is hard and malleable 
and takes a high polish. If is magnetic below 3I0 r . Nickel is fairly 
resistant to pure air but in town air containing acid and soot it rapidly 
tarnishes and acquires a green patina of basic sulphate, so that nickel- 
plating is now covered with chromium. The metal is resistant to fused 
alkalis and is used for crucibles ; containers for milk have also been 
used. Nickel oxidises only very slowly when heated in air and decom- 
poses steam only very slowly at a red heat : Ni + H 2 0 =NiO + H 2 . 


Finely-divided nickel absorbs 17 times its volume of hydrogen and acts 
as a catalyst in hydrogenation reactions, c.g. the absorption of hydrogen by 
liquid oils containing glycerol esters of unsaturatod fatty acids. When 
t reated with hydrogen at 150' to 250° in presence of finely-divided nickel 
these take up hydrogen and become solid fats. A black solid nickel hydride 
Nj H o, als< j cobalt hydride Col I a an< I iron hydrides FoH 2 and FeII 3 , are described. 
They are formed by passing hydrogen into a solution of magnesium 
phenyl bromido in ether containing the corresponding chloride of the 
metal. Molted nickel at 2100° dissolves carbon, but this is deposited on 
.solidification and no carbide is obtained (r/. Fe). 

Nickel is used chiefly to make nickel steel, usually containing about 3*5 
per cent of nickel, or nickel crucibles and tubes, and alloyed with 75 per cent 
of eopper for coinage. An alloy of copper and nickel is used for coating rifle 
bullets. Nichrom, an alloy of nickel, iron and chromium, melts at a high 
temperature and is used for electric resistance heaters. German silver is an 
alloy of copper, nickel and zinc. A similar alloy has long been used in 
China under the namo paktonq. 


Nickel Compounds 

Nickel dissolves in dilute nitric acid to a green solution. The colour 
is that of the nickel ion Ni" or [Ni(H 2 0)« 5 ]" and is shown by all simple 
salts of nickel. Nickel becomes passive in concentrated nitric acid. 
In its common compounds nickel is bivalent. It is ter valent in 
Ni 2 O s and quadrivalent in Ni() 2 . 

Univalent nickel is present as KNi(CN) 2 in the deep-red solution 
formed by beating K 2 Ni(CN) 4 solution with zinc, from which NiCN is 
precipitated by acids. The compound K^Ni(( ^N^, prepared by the action 
of excess of potassium on K. 2 Ni(CN) 4 in liquid ammonia, contains zero - 
valent nickel (Eastos and Eurgess, 1942). 

Nickel chloride Ni01 a ,GH 3 O is produced by dissolving the metal in 
aqua regia and evaporating. On heating, the deliquescent green 
crystals form yellow anhydrous Ni01 2 . 

Alkali hydroxide gives with solutions of nickel salts an apple-green 
precipitate of nickel hydroxide Ni(0H) 2 , insoluble in excess but somewhat 
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soluble in ammonia and soluble in ammonium salts forming blue solu- 
tions, from which Ni(NH 3 ) 6 01 2 and Ni(NH 3 ) 4 S0 4) 2H 2 0 may be obtained 
in blue crystals. On heating the hydroxide nickel monoxide NiO is 
obtained as a green mass ; this is also formed on strongly heating the 
nitrate, but at a lower temperature a black sesquioxide Ni 2 0 3 is formed, 
which liberates chlorine when dissolved in hydrochloric acid. The 
black precipitate formed by the action of chlorine or hypochlorite on a 
suspension of nickel hydroxide contains the hydrated dioxide Ni0 2 and 
hydrated Ni 2 0 3 . Nickel hydroxide is not oxidised by atmospheric 
oxygen or hydrogen peroxide. 

A green hydrate of nickel peroxide Ni0 2 ,£cH 2 0 is precipitated by adding 
cooled alcoholic potash to a strongly cooled mixture of niekol chloride and 
hydrogen peroxide : it forms hydrogen peroxide "with acids. Nickel 
tetroxide NiO* is said to be formed by the electrolysis of a hot solution of a 
nickel salt containing chromic acid and alkali pyrophosphate. 

Nickel carbonate NiCO 3 ,0H 2 O is obtained as a green precipitate by 
adding nickel sulphate to a solution of sodium bicarbonate saturated 
with carbon dioxide. The precipitate formed with sodium carbonate 
contains nickel hydroxide. 

Nickel nitrate is formed in grass-green crystals Ni(N0 3 ) 2 ,GH 2 0 on 
evaporating a solution of the metal or oxide in dilute nitric acid ; it is 
very soluble in water. The anhydrous nitrate cannot be obtained by 
heating the hydrate, which decomposes (see above), but is formed by the 
action of fuming nitric acid and nitrogen pentoxide on the hydrate : 

Ni(N0 3 ) 2 ,GH 2 0 + GNA = Ni(N0 3 ) 2 + 12HN0*. 

Nickel sulphide NiS is formed as a black precipitate when ammonium 
sulphide is added to a solution of a nickel salt. It dissolves slightly in 
excess of ammonium sulphide, forming a dark- brown solution from 
which it is precipitated by boiling, exposure to air, or addition of acids. 
Precipitated nickel sulphide easily oxidises when moist on exposure to 
air, unless precipitated by boiling a nickel salt solution with sodium 
thiosulphate, when it is much denser. It is insoluble in dilute acids 
(although it is not precipitated by hydrogen sulphide, from acid solutions) 
but dissolves in warm aqua regia. It is supposed that three different 
forms of nickel sulphide are precipitated under different conditions 
(Thiel and Gessner, 1914). 

Nickel sulphate is obtained in bright-green crystals NiS0 4 ,7H 2 0 
isomorphous with Epsom salt from solutions of nickel oxide or basic 
carbonate in dilute sulphuric acid. On prolonged exposure to air tlm 
green crystals effloresce to a blue or bright-green hydrate with 6H 2 G 
(also formed on heating with the saturated solution at 54°) ; above 2H<'« 
yellow anhydrous NiS0 4 is formed. Like ferrous sulphate nickel sin 
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phate readily forms doubles salts, the* most important being the bluish- 
green nickel ammonium sulphate (NH 1 ) 2 Ni(S() 4 ) 2 ,GH 2 0 used in electro- 
plating. 


In the separation of cobalt and nickel in qualitative analysis use is made 
of the fact that cobalt forms a stable cobaltieyanide K 3 Co(CN) 6 (p. 945), 
whilst nickel forms only the bright-red niekelocyanide K 2 Ni(CN) 4 ,H a O, 
not oxidised by boiling in air, easily decomposed by acids, and oxidised to 
black Ni 2 0 3 by hypochlorite. Nitrite forms a soluble K 4 Ni(N0 2 ) 6 , but if 
calcium is present K 2 CaNi(N0 2 ) fl is precipitated and could be mistaken for 
potassium eobaltini trite (p. 945). A very characteristic nickel compound 
is nickel dimethylglyoxime formed as a bright-red crystalline precipitate by 
adding a slight excess of a -dimethylglyoxime and then dilute ammonia 
to a solution of a nickel salt. It may be dried at 115° and weighed in the 
gravimetric determination of nickel. This compound contains 4-covalent 
nickel, the four valencies being in the same plane as the two rings : 


yP HOv 

CH 3 -C^N< >N=r C CH S 

1 > W I 

CH 3 C--N< \n -^UCH, 


\ 


OB O l 


a-diphenvlglyoxime is un even more sensitive test- (1 of Ni in 10 8 ) for 
nickel than dimethylglyoxime (0*01 mgm. Ni). A yellow' precipitate is 
formed on addition of dicyanodianiido (CN) 2 (NH 2 ) 2 and then potassium 
hydroxide to an acidified solution of a nickel salt. 

The compounds BaM 1I (C"N) J ,4H 2 0 (M n ~Ni, Pd, Pt) are isomorphous 
and the valencies in the ion IM I 1(( 1 N) 4 ] ar e planar (p. 422). This results 
from dap 2 hybridisation of one d, one a and t wo p wave functions or orbitals 


3d 4 a* 3 p (Ni electrons = * 


Ni : 

: 

0 

0 

0 

CN' electrons = x 

Ni++ : 

0 

0 

0 

0 

vacant orbitals = 0) 

[Ni(CN) 4 ]- : ! 

X 

X 

X 

0 



A tetrahedral arrangement results from d z s or -vp 3 hybridisation, w T hilst 
gives six octahedral bonds (p. 423). 

The atomic weights of cobalt and nickel are nearly the same but that of 
cobalt is slightly higher, whereas the atomic numbers are in the reverse 
order. The elements Fe, Co, Ni, however, have always been placed in 
this order in the Periodic Table because of the gradation of physical 
and chemical properties, and because of the resemblance between 
cobalt compounds and those of rhodium and iridium, elements occupying 
corresponding places in the other two transitional groups. The atomic 
weights of cobalt and nickel have been found by the reduction of the 
oxides, chlorides and bromides in hydrogen, and from the ratios 
1 : 2 AgCl and NiBr 2 : 2AgBr. The valencies follow from the atomic 

heats and the vapour density of Ni(CO) 4 , as well as the isomorphism of 
cobalt and nickel compounds with those of other elements. 
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The Metal Caebonyls 

The metal carbonyls proper are covaJont compounds of motals with 
carbon monoxide. They form two main groups : 

(A) Volatile, unimolecular, very soluble in non -polar solvents such as 
benzene. 


Cr(CO) 6 

Fe(CO) s 

Ni(CO) 4 

Mo(CO) 0 

yellow liquid, 

colourless liquid, 

W(CO)« 

Ru(CO) 5 


while* crystals, 

colourless liquid 


rather stable 
and inert 

Os(CO), 

colourless liquid, 



{B) Non-volatile, all solid, polymerised, sparingly soluble in non-pola/ 
solvents. 


[Re(CO),J, 

Fo,(GO) 9 

|Ke(CO) 4 l, 

[Fe((’0) a ] x 

colourless 

yellow, deeotup. 
at 100° 

dark-green, decomp, 
at 140° 

red 


Ru*(V 0) 9 

rco«’0) 4 i. 

* |C<»(('0) 3 1 4 


orangey ellow 

orange, decomp. 5lT 

Mack, deeoinj). at (50 


Ob s (< , 0), 

[H.i(CO) 4 1 3 

lRli(i*0),T, 


bright -> ellow 

green 

|R1i(CO) 4 1, 

orange-yellow 

flr<(‘0) 4 l, 

green ish-.v ellow 

red 

[Rh 4 (ro) u j, 

black 

flr(('0) 3 l x 

yellow 


General methods of preparation of metal carbonyls are : 

(i) The action of carbon monoxide on the finely-divided metal at moderate 
temperature, in entire absence of oxygon. Except with nickel and iron the 
reaction is carried out under pressure. 

(ii) The action of carbon monoxide under pressure on metal halides, 
in presence of copper or silver as halogen acceptor. 

(iii) The reaction between the anhydrous metal chloride and phen.C 
magnesium bromide C c H 5 MgBr (Grignard reagent) in dry other, followed 
by passing in carbon monoxide gas ami then hydrolysis. (This is the oni\ 
method for chromium carbonyl.) 

The most important carbonyls are nickel carbonyl Ni(('0) 4 (discovered b\ 
Mond, Langer and Quincke in 1888) and iron pentacarbonyl Fo(CO) 5 (ih< 
covered by Berthelot, and by Mond and Quincke, in 1891). 

Nickel carbonyl Ni(CO) 4 is a colourless strongly refracting liquid, prepared 
by passing carbon monoxide over reduced nickel at 30°. It boils at 43 - , 
m. pt. - 25°, and gives the normal molecular weight either as vapour or 
in solution. The puro vapour explodes at 60°, carbon being deposited : 
Ni(CO) 4 --Ni + 2C0 2 + 2C. A mixture of the vapour and air is poisonous 
and explosive. Nickel carbonyl is best prepared under pressure, say 
atm., which is favourable to the carbonyl side of the equilibrium : Ni 
4CO ^Ni(CO ) 4 . At this pressure decomposition does not occur even at 2f>< > • 
The equilibrium constant is [CO] 4 /[Ni(CO) 4 ] — K. 

Nickel carbonyl is not decomposed by water free from air, or by dilu J <* 
acids or alkalis. It is rapidly decomposed by halogens : Ni(CO) 4 + Br*. 
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NiRr 2 t 4CO ; dry hydrogen chloride and bromide react very slowly blit, 
dry hydrogen iodide reacts as follows : Ni(CO) 4 . 2111 -Nil 2 f- H 2 + 400. 

Iron carbonyls.- When carbon monoxide is passed over finely-divided 
iron at 120°, iron pentacarbonyl Fo(CO) 5 is produced. It is a pale -yellow 
viscous liquid, b.pt. 102-5°, rn.pt. -20'. The vapour is decomposed on 
passing through a tube heated to 180’, a mirror of metallic iron being de- 
posited. The vapour density at 120' and the freezing point of the solution 
in benzene correspond with the above formula. Tron pentacarbonyl is de- 
composed by air and moisture and by acids : Fe(CO) 5 + H 2 S0 4 -= FeS0 4 4- 
500 + Tl 2 . On exposure to light, dif err o-nonacarbonyl Fe a (OO) 0 is formed, 
the reaction being reversed in darkness: 2Fe(0O) r ,- ■ Fo 2 (CO) 9 + CO. 
Fe 2 (CO) 9 forms orango crystals, decomposing on heating: JFo 2 (0O) 9 = 
Fe(CO) 5 \ Fe -j 400. If a solution of Fe 2 (CO) 9 in toluene is heated to 50° 
it becomes intensely green and green crystals are deposited, which are a 
polymerised form of iron tetracarbonyl [Fo(CX)) 1 l ;i . Iron pentacarbonyl is 
formed in traces when water-gas is passed through iron pipes or coal gas 
is stored under pressure in iron cylinders. Such gas deposits Fe 2 0 8 on 
incandescent mantles in gas burners. 

When iron pentacarbonyl is dissolved in barium hydroxide and the solu- 
tion acidified, iron carbonyl hydride H 2 Fe(00) 4 is formed, which can be 
distilled in vacuum ; it is acidic and a strong reducing agent : 

Fo« , ()) 6 «■ Ru(OH), H 2 Fe(0O) 4 f BaOO,. 

A similar cobalt carbonyl hydride HCo(( 1 ()) 4 is formed from cobalt 
carbonyl [0o(0()) 4 ] 8 in the same way. 

In the metal carbonyls the OO is linked covalently to the metal atom by 
the unshared pair of electrons on the carbon atom : 

:0: O' *- 4\-0 

( ,(}. ^~'Ni Langmuir (1921) pointed out an interesting relation 

between the effectin' atomic number (e.a.v.) — no. ol electrons of inotal ~f 
electroiis donated by t '<), and the electron shells of the inert gas at the end 
of 11 io period in which the metal occurs : 


K.A.N. 

Ni(FO)j 28 + 8- 35 Kr 36 

Fe(0O) 5 26 10 36 Kr 36 

Ru(0O)» 44 , 10- 54 Xo 54 

W(( 'C) )j; 74 -i 12- 86 Rn 86 


Since cobalt lias 27 electrons it cannot form a carbonyl with an inert gas 
structure, but can form a nitrosocarbonyl Co(CO).,(NO) by the donation of 
Rio odd electron of the NO to the metal to form 28 electrons, as in nickel, 
The residue of the NO and three CO molecules then forming coordinate links 
with four pairs of electrons. Co(00) 3 (N0) is thus analogous to Ni(00) 4 and 
the two molecules have tetrahedral structures and very similar properties. 
Fe(C0) s has tho structure of a trigonal bipyramid (p. 426). 

The structures of tlio higher carbonyls aro mostly unknown but Jbe 2 (CO) 9 
is shown by X-ray analysis to have 6 CO molecules linked by coordination 



INORGANIC CHEMISTRY 


1)52 


(CHAP XLV1I 


and 3 CO groups joining tho iron atoms by ordinary carbonyl linkages 
(Powell and Ewens, 1939) : 

l /o 

OC -- Fe -C-^V-CO 

or/ \«/ \» 

0 


The carbonyl hydrides H 2 P(>(C’0 ) 4 and H0o(C0) 4 are tetrahedral and are 
supposed to be i'e(C()),(t'0ll) s und Co(CO),(COH ), with the structure 
M 0 : H for the COH linkage, the hydrogen being easily lost 
(Ewens and Lister, 1939). 



CHAPTER XLVIII 


GROUP VIII METALS : THE PLATINUM METALS 

The two triads 

44 Ru 45 Rh 46 Pd 

76 Os 77 Ir 78 Pt 

include metals all found in native platinum and hence called the 
■platinum metals. Like ot her transitional elements they show varying 
valencies and ruthenium is notable in showing all valencies from 1 to 
the maximum 8. The valency 8 is shown by osmium in OsF 8 and 
0s0 4 and by ruthenium in l>u() 4 , these compounds being all volatile. 
One or two valency state's are usually most stable for eaeh metal (see 
p. 913) : the common palladium compounds are PdX 2 containing 
bivalent palladium ; ruthenium and rhodium are most stable in the 
compounds RuX . and RhX ;i containing tervalent metals ; platinum 
forms stable compounds PtX 2 and PtX 4 in which it is bivalent and 
quadrivalent. The platinum metals form many coordination and 
complex compounds : 

K 2 [IVC1 4 1 |Pt n (NH 3 ) 4 ]Cl 2 K,[Pd»(CN) 4 ] 

K„[J > t [V CI„l |Pt'V(m t ) f> p 4 Ba[Pt I, (CN) 4 ]. 

Although the platinum metals are often regarded as “ noble ” metals 
like gold, this applies strictly only to platinum itself, since the other 
metals (especially if finely divided) all oxidise more or less when heated 
in air or oxygen, and ruthenium and osmium burn in oxygen on heating 
forming the volatile Ru0 4 and 0s0 4 , and iridium oxidises to a mixture 
of oxides. 

Platinum 

History.- -Hieroglyphs on an Egyptian box discovered at Thobes, dating 
from tho seventh century n.o., were found by Berthelot to bo composed 
of an alloy of platinum, iridium and gold. Sealiger (1557) says there was 
found in Mexican mines a, motel “ which no lire or art of the Spaniards can 
bring to liquefaction,” and this motel is again mentioned by Don Antonio 
de Ulloa, who visited Mexico in 1 735. Specimens of platinum (called by the 
natives platina de pinto) w ere brought to Europe from Colombia in 1741 by 
Charles Wood and examined by William Brownrigg in 1750, by Lewis in 
1754, by Marggraf in 1757, and by Bergman in 1777. Platinum foil and 
wire were first made in 1772 by Count von Sickingen, an ambassador in 

!»53 
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Paris, and in 1806 they were sold in London for chemical purposes at 16s. 
an ounce. 

Occurrence. — The deposits are in the Urals (discovered in 1823), 
California. Colombia, Borneo, and Australia (especially New South 
Wales). Platinum metals in the nickel ores of Sudbury, Ontario (p. 946), 
are extracted on an important scale as by-products in the Mond nickel 
process. Platinum occurs in several hard rocks in South Africa, but the 
native metal is usually obtained by washing alluvial sands and gravels. 
The concentrates are metallic grains or small nuggets, which in a 
Russian specimen had the following composition : 

Palla- Own- 

Platinum Iridium Rhodium dium Gold Copper Iron indium Sand 

76-4 4-3 0*3 1*4 0*4 4 1 11-7 0*5 1*4 

Osmiridium is a native alloy of osmium and iridium with small amounts 
of other metals : 

Osmium Iridium Platinum Rhodium Ruthenium 

27-2 55*2 3 0 1 1*5 5*9 

It is insoluble in aqua regia and is very hard, so that it is used for the tips 
of the gold nibs of fountain-pens. 

The gold is extracted from native platinum by amalgamation and the 
platinum metals digested with aqua regia. Osmiridium remains un- 
dissolved. The solution is evaporated to dryness and the residue heated 
at 125°. Palladium and rhodium then form the lower chlorides PdCU 
and RhCl s . On treating with water, Pd01 2 , platinie chloride PtCl 4 and a 
little iridium chloride frCl 4 , dissolve. The solution is acidified with 
hydrochloric acid and the ch loroplatinie acid H 2 PtCl 6 precipitated with 
ammonium chloride as the sparingly soluble ammonium salt (NH 4 ) 2 PtCl 6 . 
The other metals remain in solution. On heating ammonium ehloro- 
platinate it decomposes, leaving spongy platinum. If this is heated 
to redness and hammered the sponge welds into a coherent mass. The 
metal may also be fused in the oxvhydrogen flame or in the electric 
furnace. i 

Properties. — Platinum is a tin- white metal of high density 21*4, and 
high melting point 1 755°. It can be welded at a bright-red heat and may 
be rolled or drawn into wire. Very fine wires (Wollaston wires), down 
to 0*001 mm., are drawn inside a silver sheath, which can be dissolved 
off in nitric acid or by making the wire the anode in a solution of 
potassium argentocyanide. Platinum is resistant, but is attacked by 
carbon and phosphorus at a red heat, becoming brittle. 

A smoky flame should not be used with platinum crucibles, nor mag- 
nesium pyrophosphate igniter] along with the filter-paper, since in this cast' 
phosphorus is set free. Pure platinum is riot attacked on heating in air, 
but some commercial metal loses weight appreciably and becomes grey an<i 
rough aftor heating. It is said to bo appreciably volatile at 1300°, or even 
at 800° when exposed to air. Platinum which gains in woiglit on heating 
contains iron. Easily reducible metals such as tin and lead readily alJov 
with platinum, causing it to fuse, and compounds of these metals must not 
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be heated in platinum crucibles with filter-paper. Fused caustic alkalis, 
sulphides, and sodium peroxide also attack platinum, and it is slightly 
attacked by the fused earbonatos, but not by hydrofluoric acid. Fused 
lithium and magnesium chlorides, potassium cyanide, and nitrates, attack 
platinum. 

Pure platinum is not attacked by hot concentrated sulphuric acid, 
although the commercial metal is slightly soluble in it. It is dissolved 
by aqua regia on heating, especially if a large excess of concentrated 
hydrochloric acid is added. An alloy of platinum and lead dissolves 
completely in nitric acid. On evaporating the solution in aqua regia, 
moistening the residue with concentrated hydrochloric acid and re- 
evaporating, chloroplatinic acid U 2 Pt01 2 ,(>H 2 0 is obtained in reddish- 
brown deliquescent crystals, commonly known as “ platinum chloride.” 
The product may contain Pt(NO) 2 Cl 4 . 

Platinum has nearly the same coefficient- of expansion as glass and may 
be sealed into it- without causing crocking on cooling. The wires sealed into 
electric lamp bulbs were, formerly platinum, but, have boon replaced by 
nmnganin, by copper coated with boron trioxide, or Eld red's wire, which has 
a core of nickel steel, a jacket of cupper and an outer sheath of platinum or 
a fused film of potassium borate. Platinum is used in, dentistry and in 
making jewellery, especially as a setting for diamonds. Tt is used for 
electrical contacts and as a cat alyst m the manufacture of sulphur trioxide 
and t-ho oxidation of ammonia. Tantalum lias boon proposed as a substi- 
tute for platinum in electrical contacts. 

Idatimnn spomje is a grey porous form obtained by beating ammonium 
chloroplatinato. Plulimnn hhiek is a finely-divided powdor obtained by 
reducing a solution of chinroplatinic acid b\ zinc, or with sodium formate 
solution. Tlioso forms are very active cattily tic&lly. Alcohol is oxidised 
to aldehyde by platinum black, on account- of its occluded oxygen, and a 
mixture of oxygen and hydrogen is exploded by platinum sponge or even 
by very clean foil. 

Platinised asbestos is made by soaking asbestos fibres (previously boilod 
with concentrated hydrochloric, acid) in platuuc chloride solution, drying, 
and boating in a crucible with a lit-t le ammonium chloride, or reducing with 
sodium formate solution. Colloidal platinum is formed as a brown solution 
by causing small electric arcs to pass ropoatodlv between platinum wires 
under water, or by reducing a solution of platimc chloride with hydrazino 
in presence of sodium lysalbate, a protective colloid. The colloidal solution 
is a catalyst (see p. 195). 

Compounds of platinum. — Platinum forms two scries of compounds, 
the platinous compounds PtX 2 . and the more important platinic com - 
pounds PtX 4 . 

Chloroplatinic acid H.>PtCl r> ,(iH 2 (J, the preparation of which is described 
above, is a strong dibasic acid ; it gives with silver nitrate a yellow 
precipitate of silver chloroplatinate Ag 2 PtCI 6 . The acid gives the ion 
I TCI,.", which on electrolysis migrates to the anode, although metallic 
platinum is deposited on the cathode as a result of the reducing action of 
die liberated hydrogen. 
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On heating potassium chloroplatinate chlorine is evolved and a 
residue of platinum and potassium chloride is left : K 2 PtCi 6 — 2K01 + 
Pt +201 2 . Ammonium chloroplatinate (NH 4 ) 2 PtCl 6 leaves a residue of 
pure platinum on heating. Lithium and sodium chloroplatinates are 
soluble ; those of Rubidium and caesium arc less soluble than the 
potassium salt (p. 715). 

Platinic chloride PtCl 4 is obtained as a reddish-brown crystalline mass 
when chloroplatinic acid is heated at 369° in chlorine or 165° in hydrogen 
chloride. At 390° in chlorine, greenish -black platinum trichloride PtCl 3 is 
obtained, and at 580° brownish- green platinum dichloride PtCl 2 . 

Platinum tetrachloride dissolves in water to a yellowish-red solution 
which seems to contain a complex acid |PtCl 4 (OH) 2 ]H 2 , since it forms a 
silver salt [PtCl 4 (OH ) 2 ]Ag 2 . Crystals of PtCl 4 ,5H 2 0 may be obtained. 
Platinum dichloride is insoluble in water but dissolves in hydrochloric 
acid to a dark- brown chloroplatinous acid H 2 PtCl 4 , also formed by the 
action of sulphur dioxide on chloroplatinic acid solution. It does not 
crystallise but forms an amorphous solid on evaporation. 

Potassium chloroplatinite K 2 Pt01 4 is obtained by warming a paste of 
potassium chloroplatinate K 2 PtCl 6 with cuprous chloride. It forms 
dark-red crystals, used in photography. Paper is impregnated with a 
mixture of K 2 PtCl 4 and ferric oxalate. On exposure to light the ferric 
oxalate is reduced to ferrous oxalate, and if the paper is developed in a 
solution of potassium oxalate a grey deposit of platinum is formed on 
the reduced parts (“ platinotypc ”). 

When sodium carbonate is added to chloroplatinic acid solution, and 
the residue after evaporation extracted with acetic acid, reddish-brown 
platinic hydroxide, really a complex compound H 2 [Pt(01I) B ), remains. 
This dissolves in hydrochloric acid to form H 2 [Pt(OH) 2 Cl 4 ] ; silver 
acetate gives with the solution Ag 2 [Pt(OH) 6 ]. Platinic hydroxide dis- 
solves in potassium hydroxide to form potassium platinate K 2 [ Pt (OH ) fl \ 
forming yellow crystals. On gently heating H 2 [Pt(OH) 6 ] black platinum 
dioxide Pt0 2 is formed. Platinum trioxide is formed when a solution of 
potassium platinate, K 2 [Pt(OH) 6 ], in potassium hydroxide is electro- 
lysed and the deposit on the anode, K 2 0,3Pt0 3 , is extracted with cold 
acetic acid ; Pt0 3 is a brown powder which does not decompose H 2 0 2 . 

Alkalis precipitate from K 2 PtCl 4 solution black platinous hydroxide 
Pt(OH) 2 , probably complex, H 2 [Pt(OH) 4 ], soluble in hydrochloric acid. 
This has no acidic properties ; on gentle heating it forms black platinous 
oxide PtO. 

Potassium iodide does not give with chloroplatinic acid a precipitate 
of potassium chloroplatinate, but a dark-red clear solution. On heating, 
this deposits black platinic iodide Ptl 4 , soluble in alcohol. When 
digested with hydriodic acid this forms iodoplatinie acid H 2 PtI B , crys- 
tallising in black needles. Platinic iodide decomposes into iodine and 
platinum at 130°. Platinous iodide Ptl 2 is obtained as a black powder by 
heating platinous chloride with potassium iodide solution. 

Hydrogen sulphide gives with ^PtCl# a black precipitate of platinic 
sulphide PtS 2 , soluble in yellow ammonium sulphide to a dark-brown 
solution of a thioplatmate (NH 4 ) 4 Pt 11 2 Pt lv S f> . Platinous salts give black 
platinous sulphide PtS. 



xlvtii] " (COMPLEX PLATINUM COMPOUNDS 957 

Complex platinum compounds. — Numerous complex compounds of 
platinum are known. The platinammines contain molecules of ammonia 
combined with the metal atom as in the coha] tarn mines (p. 417) ; two 
series exist, corresponding with bivalent and quadrivalent platinum. 
Barium platinocyanide BaPt(CN) 4 ,41T 3 0 is a lemon -yellow powder used 
for fluorescent screens in X-ray work. Baryta- water and hydrocyanic 
acid arc added to ehloroplatinic acid, the solution is warmed and treated 
with sulphur dioxide till colourless. BaS0 4 is filtered off and the 
filtrate crystallised : 

H a PtCl fi f 5Ba(OH) 2 4-4HCN + 80* 

- BaPt,(CN) 4 + BaS0 4 + 3BaCl 2 + 8H 2 0. 

Magnesium platinocyanide MgPt(CN) 4 ,3JH 2 0 is bright scarlet with 
green and purple reflected colours, but forms white MgPt(CN) 4 ,2H o 0 at 
ioo°. 

Palladium. — When potassium or mercuric cyanide solution is addod to 
the solution of natno platinum in aqua regia a pale-yellow precipitate of 
paUadous cyanide Pd(CN)« is obtained, whieh on ignition loaves metallic 
palladium (Wollaston, 1 SOM). The chief source of palladium is the Sudbury 
(Ontario) nickel ore. The metal is white and forms a white alloy with gold. 
Palladium oxidises superficially when heated in air, becoming covered with 
a blue lilrn of palladium monoxide IMO, reduced again at a higher tempera- 
ture. Palladium dissolves in dilute nitric acid forming palladous nitrate 
Pd(NO it ) 2 < mid in aqua regia forming chloropalladic acid H 2 PdUl 6 , but 
on evaporation palladous chloride PdCL is formed and no simple I*dX 4 
halides are known. Palladium dissolves in boiling concentrated sulphuric 
acid, forming palladous sulphate PclSO*. Potassium iodide precipitates black 
palladous iodide PdL, soluble in excess to a brown solution. The tendency 
to the formation of palladous compounds is noteworthy and should be 
compared with t fie similar property of nickel. The absorption of hydrogen 
by palladium has been considered on p. 171. 

Osmium and Iridium are contained in osiniridium (p. 954). Tf this is 
fused with Sodium chloride in a current of chlorine, osmic chloride OsCi 4 
volatilises. The solution of the residue in hydrochloric acid is treated with 
hydrogen ; plat inum and ruthenium are deposited. When more hydrogen 
is passed through the decanted green liquid, iridium is thrown down 
(Tennant, J804). 

Iridium is very hard and is used for the tips of gold pens. Iridium 
‘Tueibles resist the action of carbon, phosphorus, and aqua regia. The 
standard metre of Paris was constructed by Johnson and Matthey, in 
London, from an alloy of 90 parts of platinum and 10 parts of iridium. 
The same alloy is used together with pure platinum m making thermocouples 
lor the measurement of high temperatures. 8ince iridium volatilises above 
1000°, an alloy of platinum and 10 per cent of rhodium is now used. 

The lr m and Ir IV compounds arc stable, but there is a white iridium 
wntafluoride irF 6 . Iridium tetrachloride IK'I, is reddish -black, giving a red 
elution from which potassium hydroxide precipitates dark-red K 2 Ir01 tt . 
This dissolves in excess of alkali to an olive-green solution, which on warming 
‘ ccomes bright -green, rose-red, anti violet, then depositing the intensely 
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Abegg’s rule, 415. 

Abel, 703. 

abnormal vapour densities, 113. 
abraum salts, 698 

absolute temperature, 49, 122 ; zero, 
49. - 

absorbents for gases, 509. 
absorptiometer, 63. 

absorption coefficient, 64 ; pipette, 
508 ; spectra, 439. 
abundance ratio, 386. 
acceptor, 198. 
accumulator, 840. 
acetaldehyde, 609, 611. 
acetylacetone, 418. 

acetylene, 610 ; dichloride, 6 1 1 ; tetra- 
chloride, 611. 

Achenbach, 485. 

Acheson process, 597, 

Achterberg, 495. 

acid, acetic, 600, 611 ; aerial, 31 ; 
allotelluric, 503 ; amidosulphonic, 
562 ; antimonic, 869 ; antimonous, 
916 ; arsenic, 859 ; arsenious, 859 ; 
azido-dithiocarbonic, 530 ; *bis- 
muthic, 875 ; boracic, see boric ; 
boric, 652, 653 ; tests for, 658 ; bro- 
mantimonic, 867 ; bromic, 324 ; 
bromous, 323 ; carbamic, 633 ; 
carbonic, 618, 622 ; Caro’s, 487 ; 
chlorantimonic, 867 ; chloranti- 
monous, 866 ; chlorauric, 747 ; 
chloric, 272 ; chlorobismuthous, 
874 ; chlorochromic, 892 ; chloro- 
platinic, 955 ; chloroplatinous, 956 ; 
chlorosulphonic, 483 ; chlorous; 2 72 ; 
chromic, 888 ; cobaltic, 944 ; cyanic, 
641 ; cyanuric, 641 ; diboric, see 
pyroboric ; dichromic, 889 ; disilicic, 
663 ; disulphuric, 474 ; dithionic, 
491 ; dithionous, 490 ; ethionic, 
610 ; ethylsulphonic, 469 ; ethyl- 
sulphuric, 610 ; fluoboric, 657 ; fluo- 
sulphonic, 485 ; formic, 607, 609, I 
634 ; fulminic, 525 ; glycollic, 635 ; 
glyoxylic, 635 ; graphitic, 598 ; 
hexathionic, 495; hydrazoic, 529; 
hydriodic, 329; hydriodostannous, 
829 ; hydrobromic, 319 ; hydro- 
chloric, 208 ; hydrochloromercuric, 
792 ; hydrochloroplumbic, 841 ; 
hydrochlorostannic, 831 ; hydro- 
chlorostannous, 829 ; hydrochloro- 
telluric, 502; hydrooobalticyanic, 


945 ; hydrocyanic, 640 ; hydroferri- 
cyanic, 936 ; hydroferrocyanic, 935 ; 
hydrofluoric, 339, 342 ; hydrofluo- 
silicic, 667 ; hydrographitic, 599 ; 
hydronitrous, 532 ; hydrosulphur- 
ous, 490 ; hydroxylamine disul- 
phonic, 524, 560 ; hydroxylamine 
isodisulphonic, 560 ; hydroxylamine 
isomonosulphonic, 560; hydroxyla- 
mine monosulphonic, 524, 560 ; 
hydroxylamine trisulphonic, 560 ; 
hypobromous, 323 ; hypochlorous, 
262, 266; hypo-iodous, 333; hyponit- 
ric, 557; hyponitrous, 555; hypophos- 
phoric, 588 ; hypophosphorous, 589 ; 
hyposulphurous, 490 ; imidodisul- 
phonic, 562 ; iodic, 334 ; iodobismuth- 
ous, 875; iodoplatinic, 956; malonic, 
635 ; manganic, 947 ; marine, 200, 
210 ; mellitic, 598 ; metaphosphi* 
mic, 591 ; metaphosphoric, 583 ; 
metaphosphorous, 588 ; meta- 
plumbic, 841 ; metastannic, 832 ; 
metatelluric, 503 ;. metathioboric, 
658 ; molybdic, 893 ; muriatic, 200, 
210 ; nitric, 534 ; action on metals, 
53 1 ; manufacture, 538 ; structure, 
559 ; tests, 537 ; nitrilosulphonic, 561, 
562 ; nitrosisulphonic, 475 ; nitroso- 
sulphuric, 475, 558 ; nitrosulphonic, 
561 ; nitrous, 551, 559 ; orthophos- 
phoric, 580 ; osmic, 957 ; oxalic, 
635 ; oxymuriatic, 200 ; pentathio- 
nic, 494 ; perboric, 658 ; percar- 
bonic, 623 ; perchloric, 374 ; per- 
chromic, 892 ; perdicarbonic, 623 ; 
perdisulphuric, 487 ; periodic, 335 ; 
permanganic, 907; permonosulphuric, 
487 ; pernitric, 532, 539 ; pemitrous, 
532, 559 ; perphosphoric, 585 ; per- 
sulphuric, 485 ; perthiocarbonic, 
638 ; perrhenic, 910 ; perstannic, 
833 ; pertitanic, 844 ; phosphatic, 
588; phosphimio, 591; phospho- 
molybdic, 894 ; phosphoric, 580, 
584 ; phosphorous, 587 ; phospho- 
tungstic, 895 ; plumbic, 841 ; prussic, 
640 ; pyroboric, 653 ; pyroligneous, 
600 ; pyrophosphoric, 582 ; pyro- 
phosphorous, 588 ; pyrosulphuric, 
474 ; selenic, 500 ; selenious, 497, 
500; selenopentathionic, 501; 
selenotrithionic, 501 ; silicic, 662 ; 
silicon meso-oxalic, 665; silicon 
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oxalic, 666 ; stannic, 831 ; sul- 
phamic, fi62 ; sulphovinic, 610 ; sul- 
phoxylic, 491 ; sulphuric, 472 ; 
action on metals, 482 ; manufacture, 
476 ; properties, 480 ; structure, 
482 ; sulphurous, 466, 469 ; telluric, 
603 ; tellurous, 603 ; tetrathionic, 
493 ; thioantimonic, 871 ; thio- 
arsenic, 862 ; thioarsenious, 861 ; 
thiocarbonic, 638 ; thioperrhonic, 
911 ; thiophosphoric, 590 ; thio- 
stannic, 833 ; thiosulphuric, 487 ; 
trithionic, 492 ; tungstic, 895 ; 
uranic, 896. 

acid chlorides, 468 ; salts, 76. 
acids, 73, 76, 610 ; basicity of, 76, 300 ; 
conductivity of, 235 ; dibasic, 76 ; 
monobasic, 76 ; oxy-, 74 ; polybasic, 
310 ; properties of, 73 ; strengths of, 
164, 235, 299; theory of, 238; 
thionic, 491, 495 ; weak, 299. 
actinic rays, 625. 
actinides, 433. 
actinium, 401. 
actinometer, 215. 
actinon, 960. 
actinouranium, 408. 
activated molecules, 297. 
active charcoal, 601 ; deposit, 400 ; 
mass, 286 ; molecules, 297 ; nitro- 
gen, 512. 

activity, 255, 311 ; coefficient, 256, 
311. 

actor, 198. 

Ac worth, 537. 

adiabatic expansion, 127, 130. 

Adie, 858. 

adjacent charge rule, 438. 

adsorption, 601. 

aes cyprium , 718. 

affinity, 286, 796 ; series, 800. 

AgricoJa, 872, 940. 

aich metal, 780. 

Aitken, 8. 

air, alkaline, 613 ; atmospheric, 506 ; 
composition of, 506 ; density of, 59, 
105 ; dephlogisticated, 32 ; emin- 
ently respirable, 34 ; fire, 29 ; fixed, 
77 ; foul, 29 ; liquid, 131 ; a mixture, 
510 ; phlogisticated, 32. 
alabandite, 899. 
alabaster, 756. 

Albertus Magnus, 20. 
alchemy, 20. 

alcohol, 610, 611, 863 ; absolute, 753. 
alembic, 19. 

Alexandria, 18. 
alkahest, 21. 

alkali, caustic, 77 ; marine, 77 ; metals, 
682 ; mild, 77 ; vegetable, 77 ; vola- 
tile, 77 ; -waste, 449, 691, 758. 
alkaline air, 513 ; earths, 75, 751. 
alkalis, 74, 77 ; manufacture of, by 


ammonia-soda process, 691 ; by 
electrolysis, 205 ; by Leblanc pro- 
cess, 691. 
al kohl, 863. 
allotropy, 84, 450, 568. 
alloys, 673 ; freezing points of, 674 ; 
fusible, 873. 

alpha-rays, 398, 403, 404. 
alstonite, 765. 
aludel, 326. 
alumina, 805, 809. 
aluminates, 811. 

aluminium, 803, 805 ; acetylacetone, 
816; arsenide, 853; bromide, 809; 
bronze, 807 ; carbide, 812 ; chloride, 
808 ; fluoride, 808 ; hydroxide, 81*0 ; 
iodide, 808 ; mellitate, 598 ; metal- 
lurgy, 806 ; nitrate, 814 ; nitride, 
814; oxido, 809; phosphate, 814; 
phosphide, 814 ; peroxide, 812 ; 
ponder, 8 Q 7 . properties, 807 ; sili- 
cates, 812 ; sulphate, 814 ; sulphide, 

aii 

alumino- ferric, 815 ; -silicates, 672. 

alumijam, 805. 

aluip^ 446, 805, 815. 

alui shale, 815 ; stone, 816. 

alundum, 809. 

aluriite, 815. 

alvite, 846. 

Amagat, 48. 

amalgamation process, 735. 
amalgams, 673, 788, (see under separate 
metals), 
amatol. 711. 
amblygonite, 713. 

americium, 408. f 

amethyst, 661 ; oriental, 809. 

amicrons, 4. 

amides, 516. 

amino-group, 517. 

aminomercuric chloride, 795. 

ammines, 416. 

ammonia, 513 ; by-product, 520 ; 
composition of, 518 ; manufacture 
of, 520 ; occurrence of, 514 ; oxida- 
tion of, 517, 540 ; preparation of, 
514; properties of, 515 ; -solution, 
516; -still, 520; synthetic, 522; 
tests for, 518. 
ammoniacal liquor, 520. 
ammonia-soda process, 691. 
ammonium, 707 ; amalgam, 707 ; 
azide, 530 ; bromide, 709 ; carba- 
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ruption of, 405 ; mass of, 385 ; mod© 
of linkage of, 414 ; structure of, 404, 
409, 432. 

/A.U., see Angstrdm unit, 
augite, 774 
Augustin, 735 

auric bromide, 748 ; chloride, 747 ; com- 
pounds, 747 ; hydroxide, 748 ; iodide, 

748 ; oxide, 748 ; sulphide, 748. 
aurium paradoxum ( problematicum ), 

501. 

aurous bromide, 748 ; chloride, 748 ; 
compounds, 747 ; cyanide, 749 ; 
hydroxide, 748 ; iodide, 748 ; nitride, 

749 ; oxide, 748 ; sulphide, 748. 
austenite, 922. 

Austin, 514. 

autogenous welding, 477. 
autoxidation, 197. 

available chlorine, 269 ; -oxygen, 263 
average life, 400 ; -velocity, 119, 122. 
Avicenna, 20. 

Avogadro’s hypothesis, 101, 102, 104, 
121, 125; law for solutions, 245; 
-number, 112, 125, 226, 257. 
axes, crystal, 352, 356 ; symmetry-, 
351. 

azide ion, 531. 

Azini^res, 208. 

azoimide, see acid, hydrazoie. 
azote, 506. 

Azotobacter ckroococcum, 533. 
azurite, 718, 730. 

Bach, 198. 

BackstrOm, 814. 

Bacon, Roger, 20, 703, 857. 
bacteria, denitrifying, 533 ; nitrifying, 
533 ; nitrosifying, 533 ; sulphur, 
448. 

bacteroids, 633. 
baddeleyite, 845; 

Badische process, 472. 

Baeyer, 197, 487. 

Bailleul, 485. 

Baker, H. B., 161, 168, 215, 452, 504, 
660, 566, 570, 628, 631, 709, 7p9. * 
Balard, 262, 265, 268, 317, 526. 
Ballauf, 707. 

Balmer series, 428. 

Barbieri, 944. 

Bardwell, 169. 

Barff process, 926. 
barilla, 690. 

barium, 752; 764 ; bromate, 324 ; 
carbonate, 766 ; chlorate, 765 ; 
chloride, 765 ; chromate, 891 ; 
cyanide, 957 ; dithionate, 492 ; 
ferrate, 935 ; hydride, 766 ; hydrox- 
ide, 765 ; hypophosphite, 589 ; 
iodate, 334 ; metaborate, 653 ; 
nitrate, 766 ; nitride, 766 ; nitrite, 
551, 767 ; oxide, 765 ; periodate, 


335 permanganate, 907 ; peroxide, 
148, 766 ; platinoeyanide, 957 sul- 
phate, 767 ; sulphide, 767 ; sulphite, 
468 ; >iitan©te, 767. 

Barkla, 393. 

Barnett, 583. 

Baron, 652. 
barote, 765. 

baryta, 751, 765 ; -water, 766. 
barytocalcite, 705. 
base -exchange process, 185. 
bases, 73 ; theory of, 238 ; weak-, 299 ; 
basic, -hearth process, 920 ; salts, 77 ; 
-slag, 920 . 

basicity of acids, 76, 300. 

Baudrip^ont, 568. 

Bauer*$56. 

Baum&j95, 291, 453, 622. 

Bausoti,i517. 

bauxite^ 805, 810 ; -cement, 810. 

b&y&md 810. 

Bay ©process, 806. 

Beadtif $77. 

Bech«|, if. J., 27. 

BecknSihn, 789 ; thermometer, 248. 
bedil, Iw. 
beehh&ihelf, 141. 

Behre|i, Xron, 137. 

Beilby process, 704. 

Beketoff, 174. 

Belgian process, 777. 

Bell, 658. 

Bellani de Monza, 669, 
bell metal, 722. 

Bemmelen, van, 663. 

Bender’s salt, 634. 

Benger, 500. 

Bennett, 504. 
benzene, 617. 

Bergman, 95, 285, 501, 618, 872, 946, 
953. 

Berkeley and Hartley apparatus, 244. 
Berl, 475, 517. 

Berlin green, 937. 

Bemthsen, 490. 

Berry, 817. 

Berthelot, D., 105 ; M., 68, 82, 283, 
485, 598, 610, 650, 673, 960, 953. 
Berthollet, C. L., 82, 95* 200, 208, 282, 
286, 290, 513, 526, 546. 
beryl, 771. 

beryllium, 375, 752, 771 ; compounds, 
• 771. 

Berzelius, 44, 75, 86, 88, 95, 102, 142, 
360, 379, 497, 501, 583, 659, 667, 707, 
751, 843, 846, 877, 852, 935. 
Bessemer process, 919. 
beta-rays, 398. 

Bettendorff, 852. 

Betterton process, 753. 

Biltz, 61, 457, 867. 

Bineau, 113* 711. 

Birge, 176. 



969 


INDEX 


ruption of, 405 ; mass of, 385 ; mod© 
of linkage of, 414 ; structure of, 404, 
409, 432. 

/A.U., see Angstrdm unit, 
augite, 774 
Augustin, 735 

auric bromide, 748 ; chloride, 747 ; com- 
pounds, 747 ; hydroxide, 748 ; iodide, 

748 ; oxide, 748 ; sulphide, 748. 
aurium paradoxum ( problematicum ), 

501. 

aurous bromide, 748 ; chloride, 748 ; 
compounds, 747 ; cyanide, 749 ; 
hydroxide, 748 ; iodide, 748 ; nitride, 

749 ; oxide, 748 ; sulphide, 748. 
austenite, 922. 

Austin, 514. 

autogenous welding, 477. 
autoxidation, 197. 

available chlorine, 269 ; -oxygen, 263 
average life, 400 ; -velocity, 119, 122. 
Avicenna, 20. 

Avogadro’s hypothesis, 101, 102, 104, 
121, 125; law for solutions, 245; 
-number, 112, 125, 226, 257. 
axes, crystal, 352, 356 ; symmetry-, 
351. 

azide ion, 531. 

Azini^res, 208. 

azoimide, see acid, hydrazoie. 
azote, 506. 

Azotobacter ckroococcum, 533. 
azurite, 718, 730. 

Bach, 198. 

BackstrOm, 814. 

Bacon, Roger, 20, 703, 857. 
bacteria, denitrifying, 533 ; nitrifying, 
533 ; nitrosifying, 533 ; sulphur, 
448. 

bacteroids, 633. 
baddeleyite, 845; 

Badische process, 472. 

Baeyer, 197, 487. 

Bailleul, 485. 

Baker, H. B., 161, 168, 215, 452, 504, 
660, 566, 570, 628, 631, 709, 7p9. * 
Balard, 262, 265, 268, 317, 526. 
Ballauf, 707. 

Balmer series, 428. 

Barbieri, 944. 

Bardwell, 169. 

Barff process, 926. 
barilla, 690. 

barium, 752; 764 ; bromate, 324 ; 
carbonate, 766 ; chlorate, 765 ; 
chloride, 765 ; chromate, 891 ; 
cyanide, 957 ; dithionate, 492 ; 
ferrate, 935 ; hydride, 766 ; hydrox- 
ide, 765 ; hypophosphite, 589 ; 
iodate, 334 ; metaborate, 653 ; 
nitrate, 766 ; nitride, 766 ; nitrite, 
551, 767 ; oxide, 765 ; periodate, 


335 permanganate, 907 ; peroxide, 
148, 766 ; platinoeyanide, 957 sul- 
phate, 767 ; sulphide, 767 ; sulphite, 
468 ; >iitan©te, 767. 

Barkla, 393. 

Barnett, 583. 

Baron, 652. 
barote, 765. 

baryta, 751, 765 ; -water, 766. 
barytocalcite, 705. 
base -exchange process, 185. 
bases, 73 ; theory of, 238 ; weak-, 299 ; 
basic, -hearth process, 920 ; salts, 77 ; 
-slag, 920 . 

basicity of acids, 76, 300. 

Baudrip^ont, 568. 

Bauer*$56. 

Baum&j95, 291, 453, 622. 

Bausoti,i517. 

bauxite^ 805, 810 ; -cement, 810. 

b&y&md 810. 

Bay ©process, 806. 

Beadtif $77. 

Bech«|, if. J., 27. 

BecknSihn, 789 ; thermometer, 248. 
bedil, Iw. 
beehh&ihelf, 141. 

Behre|i, Xron, 137. 

Beilby process, 704. 

Beketoff, 174. 

Belgian process, 777. 

Bell, 658. 

Bellani de Monza, 669, 
bell metal, 722. 

Bemmelen, van, 663. 

Bender’s salt, 634. 

Benger, 500. 

Bennett, 504. 
benzene, 617. 

Bergman, 95, 285, 501, 618, 872, 946, 
953. 

Berkeley and Hartley apparatus, 244. 
Berl, 475, 517. 

Berlin green, 937. 

Bemthsen, 490. 

Berry, 817. 

Berthelot, D., 105 ; M., 68, 82, 283, 
485, 598, 610, 650, 673, 960, 953. 
Berthollet, C. L., 82, 95* 200, 208, 282, 
286, 290, 513, 526, 546. 
beryl, 771. 

beryllium, 375, 752, 771 ; compounds, 
• 771. 

Berzelius, 44, 75, 86, 88, 95, 102, 142, 
360, 379, 497, 501, 583, 659, 667, 707, 
751, 843, 846, 877, 852, 935. 
Bessemer process, 919. 
beta-rays, 398. 

Bettendorff, 852. 

Betterton process, 753. 

Biltz, 61, 457, 867. 

Bineau, 113* 711. 

Birge, 176. 



969 


INDEX 


ruption of, 405 ; mass of, 385 ; mod© 
of linkage of, 414 ; structure of, 404, 
409, 432. 

/A.U., see Angstrdm unit, 
augite, 774 
Augustin, 735 

auric bromide, 748 ; chloride, 747 ; com- 
pounds, 747 ; hydroxide, 748 ; iodide, 

748 ; oxide, 748 ; sulphide, 748. 
aurium paradoxum ( problematicum ), 

501. 

aurous bromide, 748 ; chloride, 748 ; 
compounds, 747 ; cyanide, 749 ; 
hydroxide, 748 ; iodide, 748 ; nitride, 

749 ; oxide, 748 ; sulphide, 748. 
austenite, 922. 

Austin, 514. 

autogenous welding, 477. 
autoxidation, 197. 

available chlorine, 269 ; -oxygen, 263 
average life, 400 ; -velocity, 119, 122. 
Avicenna, 20. 

Avogadro’s hypothesis, 101, 102, 104, 
121, 125; law for solutions, 245; 
-number, 112, 125, 226, 257. 
axes, crystal, 352, 356 ; symmetry-, 
351. 

azide ion, 531. 

Azini^res, 208. 

azoimide, see acid, hydrazoie. 
azote, 506. 

Azotobacter ckroococcum, 533. 
azurite, 718, 730. 

Bach, 198. 

BackstrOm, 814. 

Bacon, Roger, 20, 703, 857. 
bacteria, denitrifying, 533 ; nitrifying, 
533 ; nitrosifying, 533 ; sulphur, 
448. 

bacteroids, 633. 
baddeleyite, 845; 

Badische process, 472. 

Baeyer, 197, 487. 

Bailleul, 485. 

Baker, H. B., 161, 168, 215, 452, 504, 
660, 566, 570, 628, 631, 709, 7p9. * 
Balard, 262, 265, 268, 317, 526. 
Ballauf, 707. 

Balmer series, 428. 

Barbieri, 944. 

Bardwell, 169. 

Barff process, 926. 
barilla, 690. 

barium, 752; 764 ; bromate, 324 ; 
carbonate, 766 ; chlorate, 765 ; 
chloride, 765 ; chromate, 891 ; 
cyanide, 957 ; dithionate, 492 ; 
ferrate, 935 ; hydride, 766 ; hydrox- 
ide, 765 ; hypophosphite, 589 ; 
iodate, 334 ; metaborate, 653 ; 
nitrate, 766 ; nitride, 766 ; nitrite, 
551, 767 ; oxide, 765 ; periodate, 


335 permanganate, 907 ; peroxide, 
148, 766 ; platinoeyanide, 957 sul- 
phate, 767 ; sulphide, 767 ; sulphite, 
468 ; >iitan©te, 767. 

Barkla, 393. 

Barnett, 583. 

Baron, 652. 
barote, 765. 

baryta, 751, 765 ; -water, 766. 
barytocalcite, 705. 
base -exchange process, 185. 
bases, 73 ; theory of, 238 ; weak-, 299 ; 
basic, -hearth process, 920 ; salts, 77 ; 
-slag, 920 . 

basicity of acids, 76, 300. 

Baudrip^ont, 568. 

Bauer*$56. 

Baum&j95, 291, 453, 622. 

Bausoti,i517. 

bauxite^ 805, 810 ; -cement, 810. 

b&y&md 810. 

Bay ©process, 806. 

Beadtif $77. 

Bech«|, if. J., 27. 

BecknSihn, 789 ; thermometer, 248. 
bedil, Iw. 
beehh&ihelf, 141. 

Behre|i, Xron, 137. 

Beilby process, 704. 

Beketoff, 174. 

Belgian process, 777. 

Bell, 658. 

Bellani de Monza, 669, 
bell metal, 722. 

Bemmelen, van, 663. 

Bender’s salt, 634. 

Benger, 500. 

Bennett, 504. 
benzene, 617. 

Bergman, 95, 285, 501, 618, 872, 946, 
953. 

Berkeley and Hartley apparatus, 244. 
Berl, 475, 517. 

Berlin green, 937. 

Bemthsen, 490. 

Berry, 817. 

Berthelot, D., 105 ; M., 68, 82, 283, 
485, 598, 610, 650, 673, 960, 953. 
Berthollet, C. L., 82, 95* 200, 208, 282, 
286, 290, 513, 526, 546. 
beryl, 771. 

beryllium, 375, 752, 771 ; compounds, 
• 771. 

Berzelius, 44, 75, 86, 88, 95, 102, 142, 
360, 379, 497, 501, 583, 659, 667, 707, 
751, 843, 846, 877, 852, 935. 
Bessemer process, 919. 
beta-rays, 398. 

Bettendorff, 852. 

Betterton process, 753. 

Biltz, 61, 457, 867. 

Bineau, 113* 711. 

Birge, 176. 



